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To reduce the required high loading of Pt to catalyse the sluggish oxygen reduction reaction 
(ORR) at cathodes in proton exchange membrane fuel cells (PEMFC), much development 
has been made on increasing the efficiency of the catalyst material. However, there is big 
challenge to fully translate catalytic enhancements into higher performance catalyst 
electrodes in PEMFCs. 
Pt nanowire (NW) array gas diffusion electrodes (GDEs) matches the promise of higher 
PEMFC performances. Alloying of Pt with a non-noble metal such as Ni, and using 
alternative carbonaceous supports such as carbon nanotubes (CNTs) are known methods of 
increasing ORR catalytic activity. This study applies both methods to improve the 
performance of the Pt NW array system and to better understand the mechanisms that 
influence real performance of PEMFC catalyst materials.  
Herein, a facile method for the preparation of PtNi NWs supported on carbon is developed by 
an impregnation and annealing approach. The optimal PtNi NW/C catalyst is achieved at an 
annealing temperature of 150°C with a duration of 24 hrs, showing 1.78-fold mass activity 
enhancement with respect to the pure Pt NWs. However, very poor power performance is 
observed for the PtNi NW/C GDE in PEMFCs. This is ascribed to the increased mass 
transport resistance resulting from ionomer contamination within the catalyst layer caused by 
severe Ni dissolution from the PtNi NWs. An acid leaching step is therefore introduced in the 
fabrication of PtNi NW array GDEs and an optimised GDE gave a 1.07-fold of power density 
with respect to the Pt NW array GDE.  
Finally, nitrogen-doped CNT arrays are fabricated directly onto the GDL surface by plasma 
enhanced chemical vapour deposition (PECVD) and active screen plasma treatment (ASP). 
These act as the catalyst support for Pt NW arrays where much enhanced power 
performance as compared to Pt NW array and Pt/C GDEs is attributed to an increase in 
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macropores with a diameter range of 315-360 nm, concluding that mass transport properties 
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1.1. Proton exchange membrane fuel cells (PEMFCs) 
1.1.1. The need for PEMFCs 
In 1769, James Watt patented his steam engine and as such is considered to have catalysed 
the industrial revolution [1]. It is no coincidence that around this time the CO2 concentration in 
the atmosphere - a leading contributor to global climate change - began to exponentially rise 
to the record levels that it is today. In an historic move by world leaders, the Paris climate 
change agreement was made in 2016 with the long-term goal of limiting global temperature 
increases to well below 2°C from the pre-industrial level. In 2019, the world was already at 
1°C with greenhouse gas (GHG) emissions as high as they have ever been at approximately 
50 gigatons CO2 equivalent (GtCO2e) [2]. Therefore, to meet the 2°C target there must be an 
immediate and drastic reform of our energy systems. 
Many sources of GHG emissions from the transport sector can be eliminated by a complete 
electrification of the energy network where electric vehicles (EVs) are the natural end point.  
In comparison to the battery electric vehicle (BEV), the H2 fuel cell vehicle (HFCV) can 
provide a longer range and shorter refuelling time. The HFCV also has the potential to be 
green if a H2 economy is established in which the H2 is produced from electrolysis using 
sustainable electricity or from biomass. Therefore, for commercial vehicles, taxies, heavy 
duty vehicles, buses and trains, the hydrogen fuel cell (HFC) has been considered as the 
more favourable replacement for the internal combustion engine (ICE) [3,4]. 
For vehicle applications, the proton exchange membrane fuel cell (PEMFC) is favoured due 
to its low operating temperature, flexible scalability and quick start up/shut down. In PEMFC 
operation, molecular H2 is split at the anode into 2 H+ ions (or protons) and 2 e- in a process 
called the hydrogen oxidation reaction (HOR) (Figure 1.1). The protons transfer to the 
cathode via the proton exchange membrane (PEM), which has a very high electrical 
resistance, forcing the electrons to travel via the external circuit and thus power the electrical 
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load. At the cathode, O2 then combines with the protons and electrons via the oxygen 
reduction reaction (ORR) to produce H2O. The PEMFC essentially is therefore the chemical 
formation of H2O from its elements engineered in such a way that the transfer of electrons 
can be harnessed as electrical energy. 
 
Figure 1.1: A schematic illustration of a typical PEMFC single cell [5].  
1.1.2. PEMFC components 
A PEMFC stack usually consists of multiple cells connected in series but the engineering 
challenges associated with this are beyond the scope of this thesis [6]. Rather, the focus is 
on single cells with the components illustrated in Figure 1.2. In the middle is the PEM. The 
material is highly conductive for protons but well insulating to electrons as well as 
impermeable to both H2 and O2. Ever since a breakthrough development in 1966 by Du Pont, 
the hydrated perfluoro-sulfonic acid polymer (with a commercial name as Nafion®) has been 
favoured [7]. Sandwiching to the PEM to make a membrane electrode assembly (MEA) are 
the cathode and anode. These can be gas diffusion electrodes (GDEs), consisting of a 
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catalyst layer (CL) deposited on-top of a gas diffusion layer (GDL). Alternatively, the CL can 
be directly fabricated onto the PEM to afford a catalyst coated membrane (CCM). The CL on 
both sides of the electrodes is conventionally a mixture of Pt nanoparticles (NPs) supported 
on a mesoporous carbon support (denoted as Pt/C) mixed with some proton conducting 
ionomer (e.g. Nafion®) to ensure adequate proton transport within the layer. The GDL is 
made from a carbon paper or cloth with a controlled porosity to ensure adequate reactant 
gas transport while maintaining a high electrical conductivity. It is usually treated with 
polytetrafluoroethene (PTFE) for good hydrophobicity so that H2O generated during fuel cell 
operation does not accumulate in the pores (i.e. flooding) and hinder the effective transport 
of reactant gases. Gaskets are required to prevent lateral gas leaks and can be used to 
control the compression on the MEA [8]. Flow-field plates are required to transfer electrons, 
distribute the reactants evenly across the GDL and remove the liquid H2O [9], all of which are 
heavily dependent on the flow field design [10]. The flow field plates commonly used are 
either metal (e.g. stainless steel with surface coating), which are cheaper and thinner but 
suffer from corrosion, or graphite which are more stable but brittle and expensive [11]. 





Figure 1.2: Illustration of the components required in a PEMFC single cell [5].  
1.1.3. PEMFC polarisation 
The overall reaction of liquid H2O formation from H2 and O2 gases has a standard Gibbs free 
energy change (ΔGө298 K) of -237 kJ mol-1 (at standard temperature and pressure, STD). This 
corresponds to a standard cell potential of 1.23 V (Equation 1.1). 
∆𝐺298 𝐾
ө = −R𝑇ln(𝐾𝑒𝑞) = −nF𝐸 298 𝐾
ө    (Equation 1.1) 
R is the gas constant (8.314 J K-1 mol-1), T is the temperature / K, Keq is the equilibrium 
constant, n is the number of electrons, F is Faraday’s constant (96485 C mol-1) and Eө298 K is 
the standard cell potential / V. 
Rearranging this equation and factoring in the empirically derived temperature dependency 
of Eө, the theoretical maximum cell potential (ENernst) can be calculated: 
𝐸𝑁𝑒𝑟𝑛𝑠𝑡 = 𝐸298.15 𝐾




2 ∙ 𝑝𝑂2) (Equation 1.2) 
pH2 and pO2 are the partial pressures of H2 and O2 respectively / atm. 
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Under STD, the electrochemical activities of O2 and H2 can be considered by their partial 
pressure with respect to 1 atm. With liquid H2O in abundance, the activity is conventionally 
taken as unity. 
Considering also the effect that relative humidity (RH) has on the partial pressures of the gas 
supply, a 3D plot can be constructed showing the effect of cell temperature, inlet pressure 
(assuming identical pressures and pure reactants) and RH have on the Nernst potential, 
ENernst: 
 
Figure 1.3: A 3D plot showing the calculated ENernst for different cell temperatures, inlet 
pressures and RH values. The electrochemical activity is modelled via partial pressure of 
reactants. 
The Nernst potential only describes the theoretical maximum cell potential achievable. 
However, a polarisation curve demonstrates the progressive efficiency losses as more 
current is drawn from the PEMFC (Figure 1.4). Initial losses are a result of the overpotential 
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related to the kinetics of the HOR and ORR (ηORR/HOR). Both reactions adhere to the Butler-
Volmer kinetic equation on a heterogeneous catalyst [6]: 
𝑖 =  𝑖𝑜 ((
𝐶𝑅𝑒𝑑
𝐶𝑅𝑒𝑑






0 ) exp [
−(1−𝛼)𝑛F𝜂
R𝑇
])  (Equation 1.3) 
i is the current / A, i0 is the exchange current / A. CRed and COx are the concentrations of the 
reduced and oxidised species respectively / M, C0Red and C
0
Ox are the equilibrium 
concentrations of the reduced and oxidised species respectively / M, α is the transfer 
coefficient and η is the overpotential / V. 
This equation holds separately on the anode and the cathode, and when considering only the 














)   (Equation 1.5) 
These Tafel equations can be alternatively expressed as log10(x) functions where the pre-




    (Equation 1.6) 
The catalyst is required in the electrodes to speed up the reaction rate so that usable 
currents can be drawn. Two terms within the Tafel equation are attributable to the catalyst, 
the exchange current, i0 and the Tafel slope, b. The exchange current corresponds to the 
reversible current at the catalyst surface at zero overpotential. The Tafel slope however is a 
function of the transfer coefficient, α which for a single electron transfer reaction can be 
described as the symmetry of the energy barrier [12]. For multi-electron processes with 
multiple steps, the transfer coefficient and thus the Tafel slope therefore depends on the 
symmetry of the energy barrier at the rate determining step [13]. The objective of PEMFC 
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catalyst development is to increase i0 (or more specifically the exchange current density 
normalised to catalyst surface area, I0), decrease b, and hence reduce ηORR/HOR. I0 for the 
HOR has a magnitude of 10-3 A cmPt-2 whereas the ORR is several magnitudes slower at 10-9 
A cmPt-2 [6]. Therefore, the overpotential in the PEMFC is attributed primarily to the sluggish 
ORR at the cathode and so the measured cell potential corresponds to the potential of the 
cathode [14]. 
Oxidative currents due to the oxidation of impurities, of the catalyst itself and of the H2 that 
permeates through the PEM (H2 crossover) also contribute to the activation region of the 
polarisation curve [15]. These currents induce a compensating reaction and hence add to 
ηORR as per Equation 1.7. Practically, these currents result in an open circuit potential (OCP) 







)   (Equation 1.7) 
iox is the oxidative current / A. 
Internal resistances play a huge role in the PEMFC polarisation with a linear drop following 
Ohmic law (Equation 1.8). The internal resistances are a result of the combined electrical 
resistance in the flow field plates, electrodes and current collectors, their respective 
interfacial contact resistance (ICR) and most prominently the resistance of proton conduction 
across the PEM [16]. 
∆𝐸𝑂ℎ𝑚𝑖𝑐 = 𝑖𝑅       (Equation 1.8) 
ΔEOhmic is the voltage loss due to internal resistances / V. R is the resistance / Ω. 
Finally, at the large current density region, mass transport limitations occur where the rate at 
which reactants can reach catalyst sites is the limiting factor. A large contributor to this is the 
porosity of the GDL and CL where a high degree of porosity increases the effective 
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              (Equation 1.9) 
A is the area / cm2 and δ is the diffusion layer thickness / cm. 
The removal of produced H2O is also vital where flooding of the GDL can adversely 
contribute to Deff. Besides PTFE treatment, a microporous layer (MPL) also helps to alleviate 
this issue by providing a uniform contact between the CL and GDL. The H2O produced is 
removed by capillary action where lower thicknesses and densities have been also shown to 
be beneficial [8]. Flow field plate design is also important where sufficient H2O removal is 
required in lieu of effective reactant gas supply and even distribution across the entire fuel 
cell [10]. In particular with ultra-low catalyst loadings, local mass transport resistances 
dominate the effective diffusivity whereby the reactant gases must dissolve into and 
permeate through the ionomer/H2O coating around catalytic sites [18]. 
When drawing a current, i, the required diffusion flux is given by: 
𝐽 =  
𝑖
nF
     (Equation 1.10) 
Hence a larger Deff results in a reduced difference between C and C0 for a given flux 
requirement at steady state. The effects of this concentration difference on mass transport 
induced overpotential, ηMT are two-fold: Firstly, the Nernst potential is reduced by virtue of 
reduced local reactant concentration at high currents (Equation 1.2). Secondly, the reaction 
rate can be further limited by reduced concentration leading to an increase in kinetic 




Figure 1.4: A typical polarisation curve for PEMFCs demonstrating the major losses which 
contribute to the deviation of the measured cell potential in comparison to the theoretical 
Nernst equation. 
1.2. Challenges for the development of PEMFC electrodes 
In past decades, a huge amount of effort in PEMFC development has been put to improve 
the catalytic performance of the electrodes. With a higher power performance, fewer cells 
need to be used for a given stack power output leading to reduced materials and overall cost. 
In particular, the high ηORR with the cathode means that a significantly higher Pt loading (the 
current catalyst material of choice) is required than that at the anode. Currently, the 
commonly used catalyst loading is 0.2 mgPt cm-2 at the cathode and 0.05 mgPt cm-2 at the 
anode [19]. But, even with such low loadings, the catalyst accounts for about 40% of the 
overall stack cost [20]. This needs be reduced either by increasing the activity of Pt group 
metal (PGM) catalysts so that less is required, or by developing PGM-free catalysts that are 
sufficiently active towards the ORR and stable enough in PEMFC operational conditions. 
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For vehicle applications, the durability of PEMFCs needs to exceed 8000 hrs [20]. However, 
current estimates put the most durable PGM based catalysts at around 5000 hrs. The 
challenge is that in PEMFC operation, materials must undergo highly oxidative and acidic 
conditions at the cathode at a temperature of about 80°C. The durability also needs to be 
demonstrated under drive cycle conditions where high power loads and high voltages can be 
experienced. 
1.3. Research strategies for the cathode development  
The very high overpotential at the cathode has attracted much attention to work on the 
cathodic catalysts to improve their catalytic activities toward the ORR. The mostly widely 
adopted strategy is to alloy Pt with low cost transitional metals such as Ni or Co [21]. The 
alloyed metal reduces the bond strength of reaction intermediates on the Pt surface to a 
more optimal value and hence increases catalytic activities [22]. Alternative crystal structures 
have also been investigated whereby the preferential exposure of the more active facets of 
Pt can boost ORR activity [23]. PtM alloys have been frequently reported showing higher 
stability with the half-cell electrochemical measurement in liquid electrolytes. However, 
leaching of the transitional metal is facile in PEMFC operating environment [24]. For a full 
removal of the expensive PGM catalysts from the electrode, PGM-free materials have also 
been under considerable development. Although encouraging catalytic activities have been 
shown, their stability still needs to be much improved [21].  
In addition, catalyst support can also contribute to enhanced ORR activities through 
improved electrical conductivity and metal-support interaction [25]. Much focus has been 
given to alternative carbonaceous supports such as carbon nanotubes (CNTs) [26] and 
graphene [27] along with non-carbonaceous supports such as metal oxides which avoid 
issues of carbon corrosion at high cell potential, in particular during fuel cell start-up [28]. 
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The effects of the ionomer on the catalytic performance of electrodes have also been getting 
more appreciation where for example, shorter side-chained ionomers such as Aquivion have 
been reported showing better performance than Nafion® [29]. Alternative proton conducting 
materials such as ionic-liquids are also being investigated for enhanced ORR catalytic 
activities [30]. Another potential strategy is to remove the ionomer all together by using thin 
film CLs [31]. 
The strategy taken here is to adapt the synthesis of highly active one-dimensional (1D) Pt 
nanostructured catalysts for the fabrication of high-power performance electrodes with a thin 
CL. Previous works have shown success with the use of formic acid (HCOOH) as the 
reducing agent with chloroplatinic acid (H2PtCl6) precursor [32–35]. The aim of this thesis is 
to further this technology and develop cathodes with enhanced catalytic performance via 
alternative catalyst compositions (e.g. PtNi) or by incorporating novel support materials (e.g. 
CNTs), whilst maintaining the scalability of this approach. 
Research objectives for this PhD research are listed as below: 
1. To establish a method for the fabrication of PtNi nanowires (NW) supported on 
carbon utilising the formic acid reduction approach. 
2. To adapt the methodology developed in 1 to fabricate PtNi NW array GDEs and 
evaluate the performance by using both ex-situ measurement in liquid electrolyte and 
in-situ in the MEA test in single fuel cells. 
3. To fabricate and evaluate the performance and stability of GDEs made from 1D Pt 
nanostructures supported on N-doped CNT arrays. 
4. To compare the two approaches in enhancing catalytic activities of the Pt NW array 
GDEs and establish the factors that affect real power performance of the 1D Pt-based 
hybrid nanostructure array electrodes in PEMFCs, hence providing knowledge aiding 
CL development in the wider community. 
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1.4. Thesis overview 
Chapter 1 as described above gives a brief introduction into PEMFC technology; its role in 
society, basic materials and principles that result in a typical polarisation performance curve. 
This chapter also establishes some of the challenges facing the widespread adoption of this 
technology as well as some of the research strategies to overcome them, finalising in the 
objectives of this thesis.  
Chapter 2 consists of a detailed review of the literature surrounding PEMFC cathode catalyst 
and CL development. The mechanism for the ORR is firstly explored including computational 
works focused on predicting the ideal catalyst material. Afterwards the focus moves to the 
physical development of the ideal catalyst with a focus on Pt-based nanoparticles and 
nanostructures, in particular 1D materials. The review then assesses developments in novel 
carbonaceous catalyst support materials for their impact on catalytic activity and 
performance in PEMFCs. Next, the review explores the translation of such novel and high 
potential materials into higher performance CLs in the PEMFC where Pt NW array GDEs are 
shown to be a very promising candidate.  
Following the literature review, Chapter 3 describes the methods employed in this thesis. The 
source of all materials is detailed as well as the synthesis methodology of all novel materials 
used throughout this thesis. The parameters used in the physical characterisation of these 
samples are then detailed followed by the methods used to electrochemically assess the 
half-cell ORR catalytic activity and PEMFC performance of all materials. With a focus on the 
electrochemical properties of these materials, greater detail into the theory and analysis 
methodology is provided in the latter section.  
Chapters 4-6 discuss the results of this thesis where two methods are adopted to improve 
power performance of the Pt NW array GDEs. In Chapter 4, a feasibility study in the 
impregnation and annealing of Ni into prior synthesised Pt NW catalysts to improve the 
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activities towards the ORR is shown. The NWs are grown on carbon spheres for ease of 
material handling and the evaluation of the ORR catalytic activities by the half-cell 
electrochemical measurement using the thin film rotating disk electrode (RDE) technique. 
With a focus on the effects of the annealing temperature and duration on the NW morphology 
and composition, enhanced catalytic activities are demonstrated in half-cell measurement but 
reduced overall performance in fuel cell tests. 
Chapter 5 focuses on adapting this synthesis method for the scalable fabrication of PtNi NW 
array GDEs, with a structure analogous to those of the pure Pt metal. The effects of metal 
composition and alloying degree on the electrode performance are investigated by tuning the 
annealing and acid leaching parameters. The design principles for the PtNi NW array GDEs 
with improved power performances over Pt NW GDEs is explored in conjunction with half-cell 
measurements under the context of explaining the disparity between ORR catalytic activities 
measured and actual power performance recorded in the MEA test [23]. 
Chapter 6 demonstrates the use of nitrogen doped CNT (N-CNT) arrays grown directly on 
the GDL as the catalyst support for 1D Pt nanostructures to enhance the performance of 
array GDEs through a unique CL structure. By comparing the much greater enhancements 
with those of the previous two chapters, the final discussion in Chapter 7 therefore concludes 
the role that the CL structure has on overall electrode performance, as well as perspectives 
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Chapter 1 provided a brief overview on the challenges and strategies for the development of 
proton exchange membrane fuel cell (PEMFC) electrodes in overcoming the sluggish oxygen 
reduction reaction (ORR) kinetics and reducing Pt group metal (PGM) content in PEMFCs. 
This chapter provides a deeper focus where firstly, recent progress in the fundamental 
understanding of the ORR mechanisms and their influence on the fuel cell power 
performance is reviewed. In respect of this, ORR catalyst development is then discussed 
with a focus on composition (i.e. PtM alloys), morphology (1D structure) and support (new 
carbonaceous support materials). The challenges in incorporating such developments to 
develop high performance electrodes are then explored alongside recent developments in 
thin catalyst layers (CLs). The goal is to establish the position of Pt nanowire (NW) array 
electrodes in this field as well as highlight the development trends that motivated the 
advances presented in this thesis. 
2.1. The oxygen reduction reaction (ORR) mechanism 
To aid the development of high performance electrodes for use as the cathode in the 
PEMFC, the mechanism for the ORR should be understood and hence our current 
understanding is briefly reviewed as follows:  
The ORR occurs following the general equation below: 
O2(g)+4H
+
+4e- → 2H2O(l)   (Equation 2.1) 
An early description of the ORR mechanism was provided by Wroblowa et al. [36] and a 
modified version is reproduced here as Figure 2.1 [37]. While O2 can adsorb on the catalyst 
surface and react directly to form H2O (k1), it can also react via a 2-electron pathway with 
hydrogen peroxide (H2O2) as an intermediate species (k2 and k3). The 2-electron pathway is 
unfavourable in comparison to the 4-electron pathway because; (i) firstly, the H2O2 can 
desorb from the surface before completion to H2O. This has half the standard Gibbs free 
energy change and thus reduces the cell potential by half. (ii) Secondly, H2O2 can 
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decompose to radical species via a Fenton type reaction and heavily degrade the fuel cell 
electrolyte membrane (e.g. Nafion®) [37].  
By rotating ring-disk electrode (RRDE) electrochemical measurements, Paulus et al. found 
that on a Pt catalyst supported on Vulcan carbon, the ORR proceeded almost exclusively via 
the 4-electron pathway above 0.6 V vs. RHE in 0.5 M H2SO4(aq) at 60°C. This is consistent 
with an earlier study by Yeager, who additionally stated that the 2-electron pathway was 
favoured on PGM free carbon and most transition metal oxide catalysts [38]. This latter fact 
was further demonstrated by Molina-García with single-heteroatom doped graphene 
catalysts, which showed an average electron transfer between 2.8-3.2 in alkaline electrolyte 
[39].   
 
Figure 2.1: A scheme demonstrating the possible reaction pathways of the ORR [37]. 
Although the detailed ORR mechanisms are still in debate, it is widely accepted that the 
direct 4-electron pathway can be considered to proceed either by a dissociative mechanism 
or an associative one. The three mechanisms are outlined as follows, where the * denotes 
adsorption on the catalyst surface: 




∗ → 2O∗ 
2(O∗ + H+ + e− → OH∗) 





∗ → H2O) 
 




∗ + H+ + e− → OOH∗ 
OOH∗ → O∗ + OH∗ 
O∗ + H+ + e− → OH∗ 
2(OH∗ + H+ + e− → H2O
∗) 
2(H2O
∗ → H2O) 
 




∗ + H+ + e− → OOH∗ 
OOH∗ → O∗ + OH∗ 
OOH∗ + H+ + e− → HOOH∗(→ HOOH) 
HOOH∗ → 2OH∗ 
2(OH∗ + H+ + e− → H2O
∗) 
2(H2O
∗ → H2O) 
 
Based on these pathways, Nørskov et al. predicted the ideal catalyst material for the ORR by 
using density functional theory (DFT) to evaluate the free energy of each intermediate in the 
dissociative and associative mechanisms on metal (111) surfaces, and then determined the 
rate of each step by use of the Arrhenius equation [40]. For Pt, it was found that the 
associative mechanism dominated the reaction on the (111) surface at a potential below 0.8 
V. An expansion on this work gave a similar result for the Pt(100) surface albeit with lower 
activities than that of the Pt(111) surface because of a stronger Pt-OH binding energy [41]. It 
is the binding energy of the catalyst to O that governs the ORR pathway where protonation of 
O* or OH* is the rate limiting step for strongly binding catalysts, and the protonation of O2* is 
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the rate limiting step for those that are weakly binding [42]. This is an example of Sabatier’s 
principle and thus for different metal catalysts the famous volcano plot between the M-O 
bond strength and catalytic activity was constructed (Figure 2.2): 
 
Figure 2.2: A volcano plot of the ORR activity for pure metal (111) surfaces as a function of 
the M-O binding energy [40]. 
Among commonly used pure metal surfaces, Pt was found to be closest to the peak of the 
volcano plot, explaining its prominence in PEMFC catalysis, although it is on the side of 
binding to O too strongly [40]. Hence, to improve the performance of the PEMFC cathode, it 
has been a key goal for researchers to develop ways of reducing the M-O bond strength on 
Pt surfaces.  
One focus for this effort is through modifying the crystal structure of Pt based catalysts. For 
example, it was found that the (100) surface has a stronger binding energy in comparison to 
the (111) surface. For Au this is beneficial, but for Pt based catalysts who already bind too 
strongly to O, it is detrimental to ORR kinetics (Figure 2.3a) [41]. Based on this evidence, 
maximising the (111) facet exposure in comparison to the (100) through novel synthesis 
methods would result in a more active catalyst. In practical operation, adsorption of anions 
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such as bisulphate on the catalyst surface affects its activity and this also needs to be 
considered in modelling studies [43,44]. For example, in H2SO4(aq) electrolyte the catalytic 
activity follows the opposite trend of Pt(111) < Pt(100) and so contrary to the original studies, 
Pt(100) facets should be maximised [45].  
Aside from crystal structure, DFT was used in conjunction with RRDE measurements on 
polycrystalline Pt3M films showing that alloying Pt with an alternative metal can also shift the 
binding energy to more optimal values [46,47]. Pt3M compositions (M = Ni, Co, Fe or Ti) with 
a pure surface of Pt(111) and second layer of 50% Pt were analysed by DFT. A weakened 
M-O bond was measured for all alloys as a result of the downwards shift of the metal d-band 
centre, which led to a greater degree of filling of the antibonding orbitals. This is linked with 
lattice strain effects resulting from the lattice mismatch between Pt and the transition element 
such as Ni or Co. Due to the smaller atomic radius of the transition elements, this strain 
causes a contraction to the surface Pt and thus a reduction in bond length, in turn leading to 
a reduced Pt-O bond strength [22]. In particular, alloys of Pt with Ni were indicated to give 
the best catalytic activities over the other compositions (coinciding with the comparison of 
experimental Pt ‘skin’ structures in Figure 2.3b [48]) determining its selection in this thesis 





Figure 2.3: (a) Volcano plot indicating the activity vs. M-OH binding energy for PGM 
surfaces relative to Pt(111) [41]. (b) Kinetic current densities for a range of alloy catalysts 
with Pt skins on the surface. The dashed line represents calculated values [48].  
Theoretical models of the ORR have since been refined to include solvation effects in greater 
detail [48–51], but crucially, a scaling relationship has also been found between the bond 
strength of the two intermediates, *OH and *OOH: Both intermediates contain a single Pt-O 
bond, and so a reduction of bond strength in one intermediate coincides with a reduced  
bond strength in the other [41]. Considering the difference of adsorption free energy of 3.2 
eV between both intermediates, indications are therefore of a minimum overpotential for the 
ORR, which cannot be avoided unless this scaling relation can be circumvented. While 
further exploration of this subject is of great interest to researchers, the leaps made in 
understanding the ORR mechanism has guided the synthesis of the highly active and novel 
electrocatalysts reviewed in the next section. 
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2.2. ORR catalyst development 
Based on the results from the DFT calculations, the vast majority of ORR catalyst 
development has been focused on the alloying and surface alteration of Pt [21]. At the same 
time, the high cost and the scarcity of Pt drive the research on alternative PGM-free catalysts 
with very promising candidates in metal-carbon-nitrides [52]. However, despite reasonable 
ORR activities, the poor stability of the PGM-free catalysts is still a big challenge for practical 
applications in PEMFCs. Considering the focus of this thesis is on improving the 
performance of Pt based electrodes, this review is limited to highlighting notable 
developments of Pt-based ORR catalysts through alteration of composition, structure and 
support. 
2.2.1. Pt and PtM alloy nanoparticles 
When considering heterogeneous catalysis, in particular where the catalyst material is as 
expensive and scarce as Pt, the particle size effect needs to be well considered. To 
maximise use of any catalyst material, the surface to bulk ratio needs to be as large as 
possible. Considering that the available surface area of the catalyst is inversely proportional 
to the particle size, smaller particle sizes are therefore favoured. However, Kinoshita 
recognises that for crystalline Pt, the surface sites are more active in comparison to the edge 
and corner sites [53]. With a larger particle, the ratio of surface to edge/corner sites 
increases and as such so does the specific activity (the catalytic activity normalised to the 
surface area) as shown in Figure 2.4a. Considering both effects, a peak in ORR mass 
activity (normalisation of catalytic activity to the mass) is found for Pt particles in the size 
range 3.5–5 nm (Figure 2.4b). This is supported by early experimental data from Sattler and 





Figure 2.4: Graphs indicating the relationship of (a) mass activity and (b) specific activity as 
a function of the particle size of single crystalline Pt [53].  
Asides from activity, stability is also of vital importance to catalysts. The high surface energy 
of smaller particles results in more facile aggregation into larger particles [55]. Ostwald 
ripening is another prime degradation mechanism for the small catalyst particles where Pt 
from the smaller particle dissolves in solution and redeposits on the larger particle surface 
(Figure 2.5). Pt mobility on a support surface also means that coarsening/sintering is 
possible and hence different catalyst supports have different susceptibilities to this process. 
For example, Padgett et al. reported reduced particle coarsening of Pt on porous carbon 
supports in comparison to solid ones such as Vulcan [56]. Therefore, particle size control is 





Figure 2.5: Depiction of particle growth mechanisms of (a) two particles in solution with 
different relative charges, (b) Ostwald ripening of two separate particles on a carbon surface 
and (c) sintering of two particles in contact [55].  
Accordingly, much effort has been made towards highly controllable synthesis of Pt 
nanoparticles (NPs) [57]. Two common approaches for NP preparation are aqueous 
reduction and polyol synthesis. In the former, a Pt salt such as chloroplatinic acid (H2PtCl6) or 
potassium hexachloroplatinate (K2PtCl6) is dissolved in an aqueous solution and chemically 
reduced by a strong reducing agent such as sodium borohydride (NaBH4) or Zn [58–63]. The 
fast reduction using a strong reducing agent allows the energy barrier for homonucleation to 
be overcome and well dispersed small NPs can be formed. In the polyol process, ethylene 
glycol (for example) acts as both the solvent and reducing agent [64]. In order to reduce the 
reaction time and to achieve a small particle size, microwave-assisted synthesis is often 
utilised [65,66]. Size control can also be achieved through the use of capping agents such as 
oleic acid, or polyvinylpyrrolidone (PVP)  [67,68].  
25 
 
For example, Wang et al. synthesised unsupported Pt NPs by injecting iron pentacarbonyl 
into a reaction mixture of Pt(II) acetylacetonate, octadecene, oleic acid and oleylamine at 
various temperatures (Figure 2.6) [69]. At 180°C, 3 nm polyhedral Pt was obtained, whereas 
5 nm truncated cubic Pt was obtained at 160°C. Finally, 7 nm cubic Pt was obtainable by 
using an initial injection temperature of 120°C and slowly increasing this to 200°C. Because 
of the increased proportion of Pt(100) facets, the 7 nm nano-cubes demonstrated enhanced 
ORR catalytic activity over the two other catalysts in H2SO4(aq) electrolyte, thereby further 
demonstrating the importance of structural control. 
 
Figure 2.6: TEM images of (a) 3 nm polyhedral, (b) 5 nm truncated cubic and (c) 7 nm cubic 
Pt NPs [69]. 
Expanding on Kinoshita’s work and in addition to the DFT studies reviewed in the previous 
section, a study by Tritsaris et al. further highlighted the relationship of catalyst structure to 
activity through the development of a mathematical model to consider and evaluate the 
catalytic activities of the step sites on catalyst surfaces [70]. Step sites were shown to have 
significantly higher activation energies for the ORR in comparison to surface sites, by virtue 
of more strongly bound intermediates, and so it can be concluded that a catalyst surface with 
extended facets can be more active. This is further demonstrated in Section 2.2.2 where 
extended Pt surface structures such as NWs are reviewed. Loukrakpam et al. have also 
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considered the aforementioned effects of preferential facet exposure, where Pt nanocubes 
demonstrated higher ORR activities as a result of a significant exposure of Pt(100) faces 
[71]. 
In Section 2.1 it was also shown how the alloying of Pt with a transitional metal can increase 
both the ORR mass and specific activities of the catalyst. To synthesize PtM alloy catalysts, 
co-reduction of the transitional metal salt with Pt is by far one of the simplest methodologies. 
PtM alloys with M = Cr [72], Ni [59,61], Co [60] and Cu [73] among a litany of bi/tri-metallic Pt 
based catalysts that have been reported [74]. A simple procedure was developed by Yu et al. 
who demonstrated the synthesis of monodisperse PtM NPs with a variety of compositions by 
simply reacting the salts (acetylacetonate) with oleylamine at 300°C [75]. Stamenkovic et al. 
on the other hand combined their previous experimental validation of the volcano plot (Figure 
2.2b) [46,48] and Wang et al.’s exceptional size and structure tuning process [69] to 
synthesise homogenous Pt3M catalysts to study the ORR catalytic activity of Pt3M catalysts 
[76]. Pt3M where M = Fe, Co and Ni were investigated with all NPs demonstrating much 
improved catalytic activity in comparison to pure Pt, with the performance order of Pt3Co > 
Pt3Ni > Pt3Fe > Pt. Clearly material composition and control of facets have been shown to be 
a winning combination in the pursuit of more efficient Pt based catalysts for the ORR. As 
such octahedral Pt3M have  also received considerable attention [77–79]. In particular, Cui et 
al. used DMF to synthesise octahedral Pt3Ni NPs, which demonstrated roughly 10-fold 
increases in both mass and specific activity (cf. Pt/C catalysts) through a combination of 
extended (111) surface structure and the benefits of sub-surface Ni [80]. 
Although Pt3M alloy NPs show much higher ORR catalytic activities than Pt/C, leaching of 
the transitional metal has serious implications for fuel cell operation. In comparison to the 
RRDE measurement which are usually conducted at room temperature, PEMFCs typically 
operate at 80°C and so the dissolution of the transitional metals is a constant issue [81]. After 
dissolution, the transitional metal can deposit inside the Nafion® membrane leading to ion 
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exchange thus reducing the proton conductivity. Furthermore, for Fe, a Fenton type reaction 
in which H2O2 is decomposed to free radicals is possible, which can also physically 
decompose the electrolyte polymer [82–84]. One strategy to combat this - with the added 
bonus of minimising the amount of inactive Pt in the bulk NP - is through the protection of the 
transitional metal core with a Pt dominated surface in a core-shell structure [85].  
In one early example, Zhang reduced an “almost dry slurry of carbon and metal salts” using 
H2 gas at a high temperature of 600 – 850°C [86]. Followed by electrochemical Cu under-
potential deposition (UPD) and then displacement of Pt a further monolayer was achieved on 
the surface of the NPs (Figure 2.7). A key factor here is the annealing step where the high 
reaction temperature and reductive atmosphere prompted a surface segregation because of 
the difference in free energy, where Pt typically segregated to the surface [87]. In-situ STEM 
analysis was used to study surface segregation in real time and experimental studies 
showed a high temperature dependency where for Pt3Co, a Pt rich surface formed at 
temperatures up to 350°C but disappears at higher temperatures [88]. 
Chen et al. reported a direct approach for the synthesis of NiPt core-shell NPs through 
staggering the introduction of the two metal salts in a polyol reduction procedure [67]. By 
controlling the amount of precursor, different compositions were achieved. A monolayer of Pt 




Figure 2.7: A schematic of the route to a core-shell NP with tuneable shell thickness utilising 
Cu UPD [86]. 
In addition to the sequential reduction method to synthesise the NiPt core-shell NPs [89], the 
combination of de-alloying and temperature induced surface segregation (i.e. thermal 
annealing) are also commonly reported to yield a core-shell structure. For example, Strasser 
et al. produced core shell PtCu NPs through the de-alloying of PtCu alloys [90]. The de-
alloying was achieved electrochemically through potential cycling. In the MEA test, this 
electrochemical de-alloying process was supplemented by an ion exchange procedure 
whereby Cu2+ ions in the membrane were replaced with protons by soaking in H2SO4 [91]. 
This procedure was found to give comparable performance to that of chemical de-alloying. 
Still, concerns over Cu film deposition in the anode prompted a study of other bimetallic and 
tri-metallic systems, all prepared using this method, where Ni systems were found to be more 
resistant to the electrochemical de-alloying process, suggesting greater stability to leaching 
during PEMFC operation in comparison to the other alloy compositions [92]. 
Nevertheless, Ni dissolution from Ni rich PtNi alloys was utilised by Snyder et al. to produce 
nanoporous PtNi nanostructures [93]. PtNi3 NPs were synthesised with controllable sizes and 
then electrochemically de-alloyed. For particles over a critical size of 15 nm diameter, 
nanoporosity was left in the final nanostructures resulting in an enhanced ORR catalytic 
activity (4 times that of Pt/C) through an increase in the surface/volume ratio and also an 
increase in the attempt frequency (the frequency that the O2 collides into the catalyst surface) 
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through the nano-confinement of reactant molecules. Further improvements were also shown 
with the encapsulation of a protic hydrophobic ionic liquid to increase the catalytic sites with 
the nanoporous structures [94].  
In all of these systems, enhanced ORR catalytic activity was found despite surface 
roughening from the de-alloying process. As described earlier in this Chapter, corner and 
edge sites are unfavourable in ORR catalysts and rather a smooth crystalline surface gives 
better performance. Therefore with the aim of refining bimetallic synthesis, Wang and 
Stamenkovic et al. mimicked the de-alloyed PtNi structures by sputtering Pt clusters onto a 
PtNi film [95]. By utilising surface rearrangement during annealing (Figure 2.8), they showed 
that a reduction in under-coordinated Pt sites resulted in an increase in the ORR activity that 
more than compensates for a loss in active surface area, a result typical of extended Pt 
surfaces. 
 
Figure 2.8: Simulation of a PtNi NP (a) as prepared, (b) acid treated and (c) acid treated and 
annealed with the presence of pristine facets post annealing [95]. 
2.2.2. Extended Pt surface structures 
While NPs benefit for their unmatchable surface areas, the extended surface of other Pt 
structures have demonstrated considerable improvements in the specific activity that can 
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offset the disadvantage caused by a lower Pt surface area [23]. For example, Huang and co-
workers have recently reviewed the polyol synthesis methodology in obtaining a wider variety 
of highly active ORR catalysts [96]. In particular PtPb/Pt core/shell hexagonal nanoplates 
were synthesised with an extended biaxial strained Pt(110) surface showing a mass activity 
of 4.3 A mgPt-1, 9.8 fold higher than the US Department of Energy (DoE) 2020 target [97]. 
In another example, Chen et al. demonstrated Pt3Ni nanoframes with a 36-fold mass activity 
enhancement to Pt/C [98]. Starting from PtNi3 polyhedra synthesised utilising the oleylamine 
reduction method, after ‘free-corrosion’ of Ni with dissolved O2 over a 2-week period the 
catalysts were transformed into Pt3Ni nanoframes (Figure 2.9). Defects in the surface were 
thus smoothed by the post thermal treatment to form a highly optimised Pt-skin structure 
where the outermost Pt is just two monolayers thick. 
 
Figure 2.9: Illustration and TEM images of the formation of Pt3Ni nanoframes over time. The 
final step to form a Pt skin structure is of thermal annealing [98]. 
1D Pt nanostructures have also gained considerable attention as ORR catalysts because of 
several inherent advantages [99]: Firstly, single crystal 1D nanostructures can offer 
preferential exposure of highly crystalline facets and fewer surface defect sites resulting in 
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increased surface specific activities. In addition, the 1D morphology enables a high porosity 
in the CL leading to enhanced mass transport characteristics in an operating fuel cell. 
Stability is also often improved where the bulk characteristics make 1D nanostructure more 
resistant to the degradation mechanisms such as dissolution, aggregation and Ostwald 
ripening. 
Pt nanowires (NWs) are the largest group of 1D structures and can be broadly classified into 
two groups: polycrystalline and single crystalline, where the former offers simpler preparation 
techniques such as using a template [33]. For example, Choi et al. used a poly carbonate 
track etch membrane (PCTE) as the template to produce NWs up to 6 μm long with an 
average diameter of 47 nm. At first, an Au film was coated by sputtering onto one side of the 
PCTE to allow for the electrodeposition of Pt in the pores. Dichloromethane was then used to 
remove the PCTE template leaving behind an array of NWs. The catalysts were loaded onto 
a GCE for electrochemical measurement and better mass activities were found than Pt NPs 
for the methanol oxidation reaction, but mainly at higher loadings [100]. A silica template has 
also been used for preparing bimetallic parallel PtRu NWs (diameter 7–8 nm) that are linked 
by metallic bridges [101], but hydrofluoric acid (HF) was required to remove the template. 
Piao et al. demonstrated the use of an alumina template to produce highly ordered NWs with 
a diameter of 90 nm. As with all template routes a removal step is required at the end, and in 
this case NaOH was used (Figure 2.10) [102]. In addition, electrodeposition is often required 




Figure 2.10: (a) Side view scanning electron microscopy (SEM) image of Pt NWs after 
electrodeposition utilising an alumina template and (b) a schematic of the fabrication 
procedure [102]. 
Song et al. demonstrated the use of a soft template to prepare ultra-thin polycrystalline Pt 
NWs with an average diameter of 2.2 nm reaching an ECSA of 32.4 m2 gPt-1 (Figure 2.11) 
[103]. Networks of cetyltrimethyl-ammonium bromide (CTAB) were encapsulated in 
chloroform (CHCl3) droplets dispersed in H2O. These provided channels to entrap Pt 
complexes, which were then reduced by NaBH4 and undertook the shape of the template. 




Figure 2.11: Schematic of the formation of Pt NWs by using a soft template [103]. 
Compared to template approaches, template-free methodologies have gained more interest 
for PEMFC catalyst development because single crystalline growth can be achieved, leading 
to a highly active catalyst surface towards the ORR. For example, Chen modified the polyol 
process for NP synthesis by adding trace amounts of FeCl2 or FeCl3 and allowing exposure 
to air [104]. In so doing, reduced Pt(0) could be re-oxidised by the Fe species so that the 
reaction rate was significantly slowed. As a result, instead of small NPs, Pt nanowires with 
crystal growth along the <111> direction were formed at the end of the reaction but large 
agglomerates were achieved rather than dispersed NWs. 
Alternatively, Sun et al. developed a simple aqueous synthesis method where formic acid 
(HCOOH) was used to reduce H2PtCl6 in aqueous solution [105]. In this initial work, the 
reaction mixture was stirred at room temperature. After 16 hrs, “flower like structures” with 
diameters 150–400 nm were produced. These structures consisted of Pt NWs with an 
average length of 120 nm and diameters of approximately 4 nm. High resolution TEM 
showed that like the modified polyol process, single crystal Pt NWs grown along the <111> 
direction were achieved because the reaction rate had sufficiently slowed down. When the 
reaction temperature was 80°C, only NPs were obtained, indicating that the growth 
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mechanism was kinetically determined by the activation energies of homonucleation and 
heteronucleation along the different crystal faces [106]. 
This ‘formic acid reduction’ approach was then used to grow ultra-thin Pt NWs directly onto 
carbon black support, e.g. Vulcan XC-72R [107]. In the reduction, Pt NPs were first formed 
on the carbon black surface, which then acted as crystal seeds for the slow NW growth over 
the course of a 72 hr period. The resultant NWs exhibited a short length of 10–30 nm with a 
good distribution and stability on the support surface (Figure 2.12a–d). The Pt NW/C was 
tested as the cathode catalyst in the MEA in PEMFCs where enhanced catalytic activity was 
demonstrated towards the ORR in comparison to Pt/C nanoparticle catalysts. In addition, an 
optimal Nafion®:C ratio of 3:1 was demonstrated - much higher than that of Pt/C catalysts 
(typically around 1:1) - for good dispersion of the proton conducting ionomer and hence 
optimal proton conductivity within the rough Pt NW/C CL. Later, half-cell RDE experiments in 
0.5 M H2SO4(aq) were conducted to evaluate its inherent ORR catalytic activity [108]. The Pt 
NW/C catalyst exhibited an ECSA of 22.1 m2 gPt-1, around half of that for Pt/C. However, a 3-
fold increase in the specific activity to around 611 μA cmPt-2 led to a larger mass activity than 
the Pt/C catalyst. The increases in activity were attributed to improved diffusion of O2 along 
the 1D structure, fewer surface defects and the preferential exposure of highly active facets 
through the growth mechanism in the <111> direction. In addition, the durability of the Pt 
NW/C and unsupported Pt NW catalysts was compared to that of Pt/C where it was found 
that the 1D structure reduced the susceptibility of the NWs to dissolution, Ostwald ripening 
and aggregation (Figure 2.12e). The unsupported Pt NW catalyst was also shown to have 
minimal degradation under accelerated cycling because without a carbon support, carbon 





Figure 2.12: (a)–(b) SEM and (c)–(d) TEM images of Pt NW/C formed by the formic acid 
reduction method [107]. (e) A schematic showing the degradation mechanisms of Pt NP/C, 
Pt NW/C and unsupported Pt NWs [108]. 
In order to clarify the mechanisms behind the Pt NW growth, Meng et al. conducted a 
detailed investigation to all parameters involved in the reduction process. It was found that 
with regards to the Pt precursor, the higher aspect ratios followed the sequence of H2PtCl6 > 
K2PtCl6 > (NH4)2PtCl6, indicating that while thought of as spectator species, the cations  
disrupted the growth mechanism [109]. A more substantial finding was that a decrease in the 
pH of the solution led to the formation of NWs with an increased anisotropic ratio because 
the CO produced from the dehydration of HCOOH bound much more strongly on other Pt 
facets such as (100) compared to (111). The thermal stability of the NWs under a flow of 
H2/Ar was also examined and it was found that coarsening of the Pt NWs occurred at a 
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temperature above 200°C, which is used as an important consideration for the thermal 
annealing employed to similar systems in Chapters 4 and 5.  
While the formic acid reduction approach provides a facile and simple route to synthesise 
highly active ORR catalysts, Pt3M alloy NWs prepared through an organic oleylamine 
reduction process has led to record breaking ORR activities. In a procedure, Pt(acac)2 was 
simultaneously reduced with the alloyed metal in a mixture of oleylamine and glucose with 
CTAC as the structure driving agent [110]. An initial formation of the Pt NWs superseded the 
reduction of Ni, eventually forming a highly flexible, crystalline Pt3Ni alloy NW with lengths of 
hundreds nm and an average diameter of 9 nm (Figure 2.13). The measured ECSA are 67.5 
m2 gPt-1 for the pure Pt NWs and 43.4 m2 gPt-1 for the Pt3Ni alloy NWs. As a result of the 
highly crystalline surface, ideal Pt3Ni composition for lattice strain and high ECSA, a mass 
activity of 4.15 A mgPt-1 at 0.9 V vs. RHE was recorded for the Pt3Ni NWs supported on 
carbon in half-cell RDE measurement in 0.1 M HClO4(aq) electrolyte. This was 34.6 fold larger 
than a commercial Pt/C catalyst. Stemming from this initial research, Huang et al. also 
developed a variety of analogous PtM NW catalysts which all showed exceptional catalytic 
activities toward the ORR and various alcohol oxidation reactions, although all results are 




Figure 2.13: (a)–(c) STEM and (d)–(e) TEM images of Pt3Ni NWs [110]. 
Currently, the highest reported mass activity for the ORR is 13.6 A mgPt-1 for Pt NWs with 
jagged surfaces [116]. Firstly, Pt/NiO core/shell NWs were synthesised in a mixture of 1-
octadecene and oleylamine, loaded onto carbon black and then annealed under a flow of 
H2/Ar at 450°C to produce PtNi alloy NWs with a Pt:Ni ratio of 15:85. Electrochemical de-
alloying finally produced the jagged Pt NW catalysts with a small diameter of around 2 nm 
achieving a high ECSA of 118 m2 gPt-1. The ultra-high catalytic activity towards the ORR was 
attributed to the high density of surface rhombi (4 atoms in 2 equilateral triangles with a 
shared edge) of the jagged NWs, in particular those that are under-coordinated. These sites 
were found by simulation and EXAFS to have a high degree of stress leading to a weakening 
of the Pt-O bond strength and thus increasing the catalyst activities as per the volcano plots 
described in Section 2.1. However, the real catalytic performance of this jagged Pt NW 
catalyst in PEMFCs has not yet been evaluated. 
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2.2.3. Catalyst support materials 
The catalyst support also has a big influence on the catalyst catalytic performance. An ideal 
catalyst support requires the following 7 properties [25]: good electrical conductivity, catalyst-
support interaction, high surface area, meso-porosity to allow ionomer distribution, good 
water handling properties, resistance to corrosion and easy catalyst recovery.  
Carbon blacks have long been and the most common support of choice for PEMFC 
catalysts. Carbon blacks are primarily electrically conductive graphite nanospheres with size 
up to 50 nm. When they are made into catalyst layer, these spheres provide a continual 
porous network providing the required porosity for H2O and gas flow without hindering 
electrical conductivity. Catalyst loading onto these supports is also relatively simple with 
techniques such as the wet chemical surface deposition, sputter deposition [117], 
electrochemical deposition [118] or impregnation [119]. 
Various types of carbon blacks have been investigated as supports with the main variable 
feature being the micro-porosity in the carbon itself. Very recently General Motors (GM) 
published their study on the impact of the internal porosity of carbon black supports on the 
kinetic and mass transport properties of the embedded PtCo NPs (Figure 2.14) [120]. PtCo 
was supported by three types of mesoporous carbon with differing amounts of micro-porosity 
where the kinetic performance, ECSA and local O2 transport resistance were evaluated in 
PEMFC tests. As a solid carbon support, Vulcan has very little porosity so the catalyst NPs 
are often embedded on the surface. This enables a high catalyst utilisation, but the overall 
kinetic activity is inhibited by ionomer adsorption on the catalyst surface [121]. For highly 
porous carbons such as Ketjen black, catalyst NPs embedded in the micropores are reliant 
on ionomer free proton transport mechanisms as well as prompting added tortuosity for 
reactant transport to those catalytic sites. Those catalytic sites that are active however do not 
suffer from ionomer poisoning. Therefore, the ideal carbon black support was found to be 
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one with an intermediate porosity whereby catalyst utilisation and mass transport properties 
are not compromised, and ionomer adsorption is avoided. 
 
Figure 2.14: (a) Illustration of three types of carbon black supports and their relative 
performance with regards to kinetic activity and mass transport properties. (b) Polarisation 
curves of the three types of carbon supports demonstrating the traits described in (a) [120].  
In addition to the catalytic properties, the carbon support porosity was also shown to help 
mitigate the ECSA loss mechanism of particle coalescence for a better retention of PEMFC 
performance in long-term operation [56]. However, carbon corrosion remains a prominent 
issue in PEMFCs which is exacerbated by the high potentials during the frequent start-up 
and shut-down [122]. This leads to NP detachment and hence the loss of ECSA. As such 
multiple non-carbonaceous supports have been investigated such as metal oxides which 
show a good stability to oxidised corrosion at a high potential. However, the low electrical 
conductivity of metal oxide supports presents a great challenge for their practical application 
[28]. 
Alternative carbonaceous supports such as carbon nanotubes (CNTs) and graphene have 
been much considered. They demonstrate increased activities and stability as the support for 
catalysts through enhanced electrical conductivities and synergistic support-catalyst 
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interactions [26,27,123]. However, a significant disadvantage of these supports is that their 
pristine surface increases the difficulty of catalyst deposition and so prior functionalisation is 
often necessary [124]. This functionalisation can take the form of surface organic groups 
[125], metallic seeds [126,127] or heteroatom doping [39,128]. Functionalisation provides the 
additional benefits of enhancing the catalytic activity through the modification of the catalyst 
electronic structure [129] and providing some inherent catalytic activity of the support itself 
[130]. For example, Qu et al. fabricated N-doped graphene sheets utilising chemical vapour 
deposition (CVD) and demonstrated much enhanced catalytic activity in comparison to un-
doped graphene by virtue of a switching from the 2-electron to the 4-electron ORR 
mechanism [131]. 
Additionally, reduced graphene oxide (rGO) can be used, where the functionalisation derives 
from the incomplete reduction of the GO precursor. While enhanced catalytic activity has 
been demonstrated in half-cell measurement, in the PEMFC environment it was found that 
aggregation and stacking of the graphene sheets blocked the catalytic sites and led to large 
mass transport losses [126,132]. In our group, NWs have been grown on the rGO surface 
with later help of Pd nanoseeds to help alleviate this stacking effect, similar to reported 
carbon black spacers [133]. However, only limited improvements were observed in PEMFC 
performance. 
CNTs on the other hand do not have the same issue as 2D rGO due to their 1D morphology. 
Tang et al. utilised thermal CVD to produce CNT arrays on carbon paper acting as the 
support for Pt NPs (Figure 2.15) [134]. With a Pt loading of just 0.04 mgPt cm-2, a maximum 
power density of 595 mW cm-2 was recorded under pure O2 benefiting from the localised Pt 
distribution at the membrane-electrode interface and enhanced utilisation at the low catalyst 
loading. Liu et al. grew highly ordered CNT/Pt catalyst structures on quartz using CVD which 
were then transferred onto the Nafion® PEM where enhanced catalytic performance was also 
demonstrated in PEMFC tests [135]. Shen et al. also deposited ordered CNT/Pt catalyst 
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structures on an Al foil substrate for PEMFC application [136]. The very different 
performances observed for CNT, and for graphene supported Pt NP catalysts indicate that 
the electrode performance in PEMFCs is highly dependent on the CL structure, not just the 
improvements in catalyst activity. Therefore, a promising combination of CNT array support 
and Pt NWs became one of the avenues explored in this thesis to develop high performance 
GDEs, as detailed in Chapter 6. 
The ORR activity of Pt supported on commercial Ni decorated CNTs was previously 
examined where an enhanced mass activity of 0.51 A mgPt-1 in 0.1 M HClO4(aq) electrolyte 
was recorded in half-cell tests [127]. The kinetic enhancement was attributed to the 
combination of anisotropic Pt nanostructure and synergism between the Pt and support Ni 
where contribution from the support was found to be negligible. Dai and co-workers showed 
that unlike non-doped CNTs, N-CNTs catalysed the ORR through a direct 4-electron 
pathway where carbon atoms adjacent to the N were activated through an increase in 
positive charge density leading to the adsorption of O2 [137]. Excellent stability was also 
demonstrated in acid, conditions where CNTs doped with transition metals suffer from the  
facile oxidation and leaching of the metal [138]. Considering these benefits and the ease of 
N-doping by active screen plasma (ASP) nitriding treatment [35,139], N-CNTs were used for 
the aforementioned investigation described in Chapter 6 in this thesis. This choice has 
recently been further validated by Louisia et al., who fabricated and characterised the 
electrochemical performance of Pt3M/N-CNTs and Pt3M/S-CNTs (M = Co or Ni), where 
enhanced catalytic performances towards the ORR were demonstrated for the N-doped 




Figure 2.15: (a) SEM and (b) TEM images of Pt NPs deposited on CNTs grown on a GDL 
substrate by thermal CVD [134]. 
2.3. Catalyst layer development 
For conventional catalysts in the spherical NP morphology, the development of novel 
catalysts with an enhanced ORR catalytic activity usually leads to an increased electrode 
performance in PEMFCs. However, different environmental conditions between PEMFC 
operation and the liquid electrolyte in half-cell measurements have presented some big 
challenges when trying to translate the ORR activity improvements of the latest generation of 
catalysts into real PEMFC performance enhancements. A review by Stephens, Rossmeisl 
and Chorkendorff commented that the highest fuel cell activity of only 0.76 A mgPt-1 (0.9 V) 
was recorded for the PtNi nanoframes that measured 5.7 A mgPt-1 in half-cell measurement 
[23]. Therefore, this section will review research that focuses on the real PEMFC 
performance of novel ORR catalysts and leading from this, the development of novel CL 
architecture, inspiring Pt NW array GDEs. 
The poor translation of the excellent ORR activity of the Pt alloy nanostructures recorded in 
half-cell measurement to working PEMFCs is usually caused by the non-optimised 
distribution and/or serious decay of the proton conduction ionomer on the novel catalyst 
surface, reducing both proton conductivity and local O2 permeability. For example, Alia and 
43 
 
Pivovar et al. developed a highly active Pt/Ni NWs catalyst by inducing galvanic 
displacement of Pt onto commercial Ni NWs [141]. In half-cell measurements the catalyst 
exhibited a high mass activity of 0.917 A mgPt-1 at 0.9 V vs. RHE as a result of the highly 
crystalline extended Pt surface and the strain effects induced by the Ni core. However, the 
Pt/Ni NW catalyst showed very poor performance in the single cell test due to heavy Ni 
contamination of the ionomer (Figure 2.16) [142]. Ni and Co, the two most popular 
transitional metals for bimetallic PtM catalysts, have a high propensity to be leached out of 
the alloy catalysts under PEMFC operation conditions via oxidation and dissolution [143]. 
The leached cations can cause fast membrane degradation, although this is not enough to 
fully explain the origins of the poor initial cell performance for the alloy catalysts. Rather the 
key difference between the half-cell measurement and MEA test environment is the 
requirement and presence of the ionomer coating over the catalyst nanostructures to provide 
sufficient proton conducting pathways. Okada et al. showed that the cation contamination of 
ionomer in Pt electrodes led to a reduction in ORR performance as a direct result of a 
decreased O2 permeability [144]. Braaten et al. used a special in-house designed cell to 
decouple the effects of the ionomer from the rest of the MEA and could thus measure the O2 
transport resistance at different Co2+ contamination levels [145]. They reported an increased 
O2 transport resistance with the increase of contamination resulting in cross-linking between 
sulfonate groups of ionomer and decreased uptake of H2O. For Alia and Pivovar’s work in 
particular, the Ni contamination was so severe that sulfonic acid groups were heavily blocked 
by Ni cations, and thus there was very limited proton transport through the catalyst electrode, 
resulting in the very small ECSA and very poor fuel cell performance [142]. This was 




Figure 2.16: (a) Cross-sectional SEM of an MEA with PtNi NW catalysts. (b) MEA 
performance as fabricated and after ion exchange procedures [142]. 
Accordingly, to develop high power performance PEMFCs, the large current density region is 
receiving increased attention, in particular as the CL development is heading towards a low 
Pt loading. In the 1990’s, a great advancement was made by the introduction of proton 
conducting ionomer to the electrode that allowed the MEA to be made with a 10-fold 
reduction in the Pt content from 4 to 0.4 mgPt cm-2 [146]. However, for full scale 
commercialisation of PEMFC vehicles the cathode catalyst loading needs to be further 
decreased to 0.05 mgPt cm-2 to reach 0.0625 gPt kW-1 (for a 90 kWgross, 1 W cm-2 MEA) [19]. 
The challenges not only come from a pure kinetic limitation [147], but also an additional mass 
transport limitation now categorised as local O2 mass transport losses. Researchers at 
Toyota Motors and GM suggested that this mass transport limitation is a result of the local O2 
transport resistance through the ionomer layer covering the catalyst surface [148–152]. They 
separated out the Fickian and non-Fickian components of the total transport resistance, 
where the non-Fickian contribution RNF  is a combination of components in the microporous 
layer (MPL); RNF
MPL, CL; RNF











   (Equation 2.2) 
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Crucially from this equation, a low roughness factor exacerbates the mass transport 
resistance in the ionomer film, leading to a higher RNF contribution to the total O2 transport 
resistance. Therefore, one of the big advances in the PEMFC technology is development of 
ionomers with high O2 permeability (Figure 2.17), or totally ionomer free CLs, allowing the 
use of very low Pt loadings. This also has the added benefit of a reduced mean free path for 
O2 diffusion within the thin CL with a low catalyst loading - resulting in reduced Fickian 
transport resistances - key developments have been achieved with thin film CLs: 
 
Figure 2.17: A schematic illustrating the local O2 transport resistance through (a) a 
conventional ionomer film and (b) an ionomer film with a higher O2 permeability [19]. 
One approach to fabricate the ionomer free thin film CLs is reported by Bizzotto and co-
workers. They deposited Pt thin films directly onto Nafion® membrane: a Pt amine precursor 
solution was reduced to Pt metal on Nafion® by NaBH4 where the reduction temperature and 
pH gradient were used to effectively confine the reduction close to the membrane surface 
[153,154]. Progressive refinements allowed the fabrication of multi-layer, monolayer and sub-
monolayer Pt thin films on the Nafion® membrane surface. However, the thinness of these 
catalyst films caused severe water flooding issues in real PEMFC operation [155]. 
A second approach is the well-known nanostructured thin film (NSTF) catalysts proposed by 
3M Company [31]. These catalysts consist of a thin film of Pt alloy sputter coated onto 
polymer whisker arrays of perylene red, with the inherent benefit that this polymer is stable to 
46 
 
electrochemical corrosion up to 2 V vs. RHE (Figure 2.18). Electrical conductivity is instead 
supplied by the coated continuous Pt alloy catalyst film. Multiple alloys have been 
investigated with the highest catalytic performance obtained with Pt3Ni7 [74,156]. Significant 
increases in the specific activity (approximately 10-fold) was obtained for the NSTF catalysts 
in comparison to the conventional Pt/C catalysts as a result of the highly crystalline nature of 
the polycrystalline catalyst film, where a square-truncated pyramid morphology enables a 
high exposure of the active (111) crystallographic facets [157]. Due to the hydrophilic surface 
feature of the Pt alloy catalysts, the pores formed between whisker arrays were then filled 
with water in fuel cell operation. These flooded water channels allowed protons to transport 
through water localised at the catalyst surface [158], enabling the NSTF CL to be operated 
with ionomer-free catalyst [159]. However, the water flooding also significantly increases the 
mass transport resistance. For example, Ni leached from the PtM alloy catalysts with high 
transitional metal content, and diffused into the membrane. Here it enhanced the net water 
transport from the anode to the cathode and exacerbated flooding in the cathode CL, 
impeding O2 diffusion [156]. Therefore, effective water management is key for the use of 
NSTF CLs in PEMFC operation. Kongkanand et al. showed that by introducing a little 
ionomer, water mediation could be improved by virtue of the hydrophobic backbone of 
Nafion® ionomer [160]. Later work focused on elucidating the degradation mechanisms under 
large current density operation but also demonstrated that a hybrid layer of Pt/C catalysts 
between the NSTF CL and MPL showed positive effect towards water management 
[161,162]. While there are clear challenges with the implementation of ionomer-free NSTF 
CLs, the thin-CLs demonstrate enhanced mass transport properties in comparison to 
conventional Pt/C CLs within an operating PEMFC and are a key factor towards the high 




Figure 2.18: (a)–(b) SEM and (c)–(e) STEM images of the NSTF CL showing Pt alloy 
‘whiskerettes’ deposited on the organic whisker substrate. (f) Schematic representation of 
the square-truncated pyramidal morphology after extended deposition [31].  
2.4. Pt nanowire (NW) array gas diffusion electrodes (GDEs) 
So far, this Chapter has shown 1D single crystal NWs, PtNi alloys, N-CNTs and thin CL 
technology to be promising avenues to improve the performance of the cathode in PEMFCs. 
Combining these advances, Pt NW array electrodes have been developed where the formic 
acid reduction method has been used to grow Pt NW arrays directly on the gas diffusion 
layer (GDL) surface. The collective works are reviewed here:  
With carbon paper GDLs serving as the substrate for heteronucleation, arrays of Pt NWs of 
length 100–150 nm were grown at room temperature using HCOOH in an analogous method 
to that detailed in Section 2.2.2 [34]. Similar to Sun’s work on carbon supported and 
unsupported Pt NWs [105,107,108], Pt NWs on the GDL also grew in the <111> direction 
and as such the preferential exposure of highly crystalline facets resulted in a smaller charge 
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transfer resistance as compared to the commercial Pt/C GDE. The high aspect ratio of the 
NWs together with the array structure improved the gas diffusion within the CL and enhanced 
power performance was hence achieved at the high current density region. 
Unlike the NSTF CL, a careful study showed that a larger ionomer content is required for the 
Pt NW array GDEs in comparison to those made with commercial Pt/C nanoparticles, for 
optimal PEMFC performance [163]. This resulted from the less hydrophilic Pt NW surface (cf. 
the PtM alloy thin film catalyst) and the rough surface resulting from the ends of the NW 
arrays requiring a high ionomer content for maximal catalyst utilisation (Figure 2.19). The 
accelerated stress test (AST) demonstrated a faster degradation rate for the Pt NW array 
GDE than the commercial Pt/C GDE. Considering the inherently higher stability of the Pt 
NWs to major degradation mechanisms than nanoparticles as discussed in Section 2.2.2, the 
main degradation of the Pt NW GDE was ascribed to worse contact of the ionomer with the 
NW catalyst surface. 
 
Figure 2.19: (a)–(b) SEM images of commercial Pt/C and Pt NW GDE, respectively, with (c) 
and (d) schematics of the Nafion® ionomer distribution on the catalyst surface [163]. 
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To improve the NW distribution on the GDL surface, various seeding sites have been 
introduced to lower the activation barrier of heteronucleation. For example Pd nanoparticle 
seeds were introduced prior to NW growth [164]. Because of the more positive reduction 
potential, PdCl2 was more easily reduced than H2PtCl6 and so these two precursors could 
simply be added together in the reaction solution. Notably a relationship was found where too 
much Pd resulted in too facile heteronucleation and so NPs were formed rather than NWs. 
An optimum content of 5 at% Pd (of PtPd) was found in terms of GDE performance primarily 
due to improved NW distribution. There is a trade-off when introducing seeds for NW growth; 
too many and the distribution is improved but with a significantly reduced anisotropic ratio 
and hence decreased catalytic benefits, but when the number of seeds is too few, 
agglomeration and poor distribution compromises ECSA despite the formation of long NWs. 
Active screen plasma (ASP) treatment was also used to modify the MPL surface via nitriding 
to improve the NW distribution on the GDL surface [35]. Similar to the hetero-atom doping of 
pristine carbon supports, the ASP nitriding here resulted in increased defect sites and high 
surface activity for a better contact between the GDL surface and reaction solution in Pt NW 
growth, which led to a better distribution of Pt NWs and thus an enhanced electrode 
performance for ORR in PEMFC operation (Figure 2.20). A Pt/C functional layer prior to NW 
growth (0.005 mgPt cm-2) has also been studied showing improved NW distribution and 
increased PEMFC performance [165]. 
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Figure 2.20: SEM images of Pt NWs grown on (a)–(b) the pristine GDL and (c)–(d) ASP 
nitrided GDL substrate [35]. 
Regarding the Pt NW array GDE, the temperature of NW growth has also been shown to 
have direct consequences on the Pt NW distribution, aspect ratio and electrode performance 
[32]. Because of the prior PTFE treatment in the GDL fabrication process, the surface is 
highly hydrophobic and so at room temperature the reaction solution only wet the GDL edge 
effectively, and finally the formed Pt NW were mainly concentrated at the edges of the GDE 
piece (Figure 2.21). In addition, the slow reduction rate results in the formation of large 
agglomerates of long Pt NWs protruding from the surface resulting in a reduced catalytic 
performance. A high temperature helps to improve the wettability of the GDL surface via a 
reduction in water surface tension, but at a relative high temperature (e.g. at 50°C) 
homonucleation dominates, leading to mainly NP formation. An optimum temperature of 
40°C was determined by virtue of the best PEMFC performance where an array of well 




Figure 2.21: Schematic illustrating the CL structure with NWs grown at different 
temperatures [32].  
2.5. Summary and perspectives 
If PEMFC technology is to replace the internal combustion engine (ICE) in vehicle 
applications, then it needs to become much more cost effective. In particular the quantity of 
the expensive Pt catalyst needs to be reduced by either improving the catalytic performance 
or by using alternative cheap and abundant materials. It has been shown that for the sluggish 
ORR at the cathode in PEMFCs, Pt is inherently the best single metal catalyst because of 
the near optimal M-O binding energy. However, Pt lies on the strong binding leg of the 
volcano plot and so alloying with some transitional metals to induce lattice contraction or 
control over the exposed crystallographic facets have been discussed as promising methods 
to reduce the binding force to improve the catalytic activity. In particular, 1D materials have 
been shown to provide both avenues of improvement and are the source of the highest 
recorded ORR activities to date. 
However, difficulties in translating these outstanding activities to real PEMFC performance 
improvements are not well understood. Some mechanisms such as ionomer contamination 
are discussed here, but further investigations into what causes this disparity in performance 
are needed. Additionally, it has been shown to achieve the required power outputs, mass 
transfer resistances need to be dramatically reduced where the thin film CL technology 
provides a promising solution. 
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In combining both enhanced mass transport properties and high ORR catalytic activity, Pt 
NW array GDEs grown on GDLs using the simple formic acid reduction method have shown 
considerable performance enhancements with respect to conventional NP technologies, 
where the emphasis has previously been on optimising NW distribution. With commercial 
PEMFC vehicles adopting Pt alloy catalysts in their MEAs, there is scope to expand the Pt 
NW array GDE technology through developing a fabrication method of PtM alloys. Therefore, 
in Chapter 4, a method of impregnation and annealing to prepare PtNi NW was firstly 
established on Pt NWs supported on carbon and subsequently adapted to the fabrication of 
PtNi NW array GDEs which will be described in Chapter 5. While performance 
enhancements are shown, it is through the adoption of a novel support material in N-CNT 
arrays deposited directly on the GDL surface (Chapter 6) that great improvements in the 
GDEs from Pt NW-based nanostructure arrays can be made. As such this thesis emphasises 
the CL structure over material composition when trying to achieve real PEMFC performance 
enhancements. Future work on these novel electrodes can then use these findings to focus 
on scaling these electrodes up to make industrial impact as well as establishing how these 




























This chapter firstly outlines the catalyst synthesis and gas diffusion electrode (GDE) 
fabrication procedures, followed by relevant preparation and testing parameters for all 
physical characterisation techniques employed. Details concerning the ex-situ component 
characterisation (rotating disk electrode (RDE) and ex-situ GDE) are then provided. Finally 
the methodology for all single cell tests is outlined. This chapter therefore provides all of the 
necessary details for interested parties to repeat any experiment detailed in this thesis. 
3.1. Catalyst and GDE fabrication 
3.1.1. Preparation of Pt NW/C and PtNi NW/C 
To obtain sufficient Pt NW/C catalysts for physical characterisation and electrochemical 
measurements, 240 mg of Vulcan XC-72R (Fuel Cell Store) was initially dispersed in 750 mL 
H2O by sonication bath (Ultrawave 300H, 35 W). All H2O detailed in this thesis is deionised 
by a Millipore water system (18 MΩ). 9.0 mL of H2PtCl6 (8wt% in H2O, Sigma Aldrich) was 
then added. 48 mL of HCOOH (≥95%, Sigma Aldrich) was then added dropwise during a 25 
min sonication step. Afterwards the reaction mixture was left to react for 72 hrs at room 
temperature before washing with H2O twice and EtOH (Sigma-Aldrich) once by centrifugation 
(16000 rpm, 20 mins). The Pt NW/C was collected in EtOH and dried in an oven at 60°C. 
The final Pt loading was 60wt% on C. 
To impregnate Pt NW/C with Ni, 300 mg Pt NW/C catalyst was dispersed into a solution of 
73 mg NiCl2.6H2O (Sigma-Aldrich) in 180 mL 0.1 M NaOH aqueous solution (prepared in-
house from 10 M, Fluka Biochemika). 80 mg NaBH4 (Sigma-Aldrich) was dissolved in 40 mL 
of 0.1 M NaOH aqueous solution and this was added dropwise to the Pt NW/C dispersion 
under vigorous stirring. After 1 hr, the PtNi NW/C samples were collected as per the 
procedure for Pt NW/C. 
Pt NW/C and PtNi NW/C catalysts were thermally annealed at 150, 250 and 350°C for 24 hrs 
under a flow of 50 mL min-1 4% H2/Ar in a tube furnace (Vecstar Ltd). The heating and 
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cooling rate was 2°C min-1. PtNi NW/C was also annealed at 150°C for 72 hrs to study the 
influence of the annealing time. 
A full schematic of the synthesis process is shown in Figure 3.1: 
 
Figure 3.1: Schematic of the synthesis process of Pt NW/C and PtNi NW/C catalysts. 
3.1.2. Preparation of Pt NW array and PtNi NW array GDEs 
To prepare Pt NW array GDEs with a loading 0.4 mg cm-2, a 10 cm by 10 cm square piece of 
Sigracet 39 BC gas diffusion layer (GDL) was cut and washed with H2O, IPA and finally H2O. 
This was then immersed in 66 mL H2O in an equal sized square petri dish. 1.050 mL of 
H2PtCl6 (8wt% in H2O) was added followed by 3.3125 mL HCOOH. The petri dish was 
covered and after sonication for 1 min, left to react at 40°C for 72 hrs. The Pt NW array GDE 
was then washed with H2O and IPA before drying in the oven at 40°C.      
A typical Ni impregnation step for a precursor ratio of Pt3Ni4 is as follows: for a 16 cm2 GDE 
cut from the 100 cm2 piece, 10.4 mg of NiCl2.6H2O was dissolved in 100 μL of H2O and this 
was painted onto the GDE surface. 10.4 mg of NaBH4 was dissolved in 0.1 M NaOH aqeous 
solution and added dropwise onto the GDE surface. The GDE was left for 2 hrs to ensure 
complete reaction. Then the PtNi NW array GDE was washed and dried in the same manner 
to the Pt NW array GDE. 
Thermal annealing was carried out under the same conditions as the PtNi NW/C catalysts 
but with select temperatures of 150, 200 and 250°C. An acid leaching step was then 
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employed where the annealed PtNi NW array GDE was submerged in 0.1 M HNO3 (diluted 
in-house from 70%, Fisher Chemicals) for 2 hrs before washing and drying. 
A full schematic of the synthesis process is shown in Figure 3.2: 
 
Figure 3.2: Schematic of the synthesis process of PtNi NW array GDEs. 
3.1.3. Preparation of Pt/N-CNT GDEs 
Plasma enhanced chemical vapour deposition (PECVD) was used to grow CNTs onto the 
GDL substrate. Figure 3.3 provides a schematic where a 16 cm2 Sigracet 39 BC GDL as 
substrate was loaded onto the bottom worktable. The lid and substrate had a 10 mm 
separation distance. After assembly, a vacuum was introduced to the chamber where the 
base pressure was ensured to be below 1×10-5 mbar to avoid the interference of residual air. 
Gas mixtures of Ar (50 sccm) and H2 (30 sccm) were then fed into the chamber. The plasma 
was then turned on with a radiofrequency (RF) power of 300 W. This was done for 10 mins in 
order to clean the GDL surface. Once the working temperature had stabilised, C2H2 gas was 
then fed into the chamber at a flow rate of 5 sccm. The flow of Ar remained at 50 sccm and 
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H2 was reduced to 20 sccm. Deposition was then carried out with a gas pressure of 1 mbar 
and plasma RF power of 30 W for 30 mins. After deposition the Ar and H2 flow was 
maintained but the C2H2 flow was switched off and the sample was left to cool down to room 
temperature. 
The nitriding of the CNTs on the GDL surface was performed using a plasma of N2 and H2 
with a ratio of 25:75%. This was carried out at 200°C for 10 mins to finally obtain N-CNTs. Pt 
NW growth was conducted in a circular petri dish using the procedure detailed in Section 
3.1.2. H2PtCl6 (8 wt%), H2O and HCOOH with the quantities of 168 μL, 8 mL and 530 μL 
were used, respectively, to achieve a loading of 0.4 mgPt cm-2. The reaction temperature was 
40°C.     
 
Figure 3.3: Diagram of the P500+ PECVD system and the active screen settings to deposit 
CNTs on the GDL substrate. 
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3.2. Physical characterisation 
3.2.1. Scanning electron microscopy (SEM) 
SEM throughout this thesis was mostly conducted with a JEOL 7000F SEM with an 
accelerating voltage of 20 kV except where noted. For the carbon supported catalysts, the 
powder was dispersed in EtOH and supported on Al foil. For the GDEs, sections were simply 
cut and loaded onto conductive carbon tape. For the SEM energy dispersive X-ray 
spectroscopy (EDX) on PtNi NW GDEs, a Hitachi TM3030Plus SEM was used with an 
accelerating voltage of 15 kV. 
3.2.2. Transmission electron microscopy (TEM) and scanning transmission electron 
microscopy (STEM) 
TEM and EDX analyses of the Pt NW/C and PtNi NW/C catalysts were conducted with a Jeol 
2100 FEG-TEM at an accelerating voltage of 200 kV. STEM analysis of the PtNi NW GDEs 
and Pt/N-CNT GDEs was conducted with a FEI Talos F200 STEM with an accelerating 
voltage of 200 kV. All samples were prepared by dispersing the powder in H2O and 
depositing onto a TEM grid. For the GDE samples, the catalyst was scraped from the 
electrode surface. 
3.2.3. Inductively coupled plasma – mass spectrometry (ICP-MS) 
A microbalance was used to measure out 0.5–1.0 mg of the Pt NW/C and PtNi NW/C 
catalysts or 1 cm2 of the GDEs was cut for analysis. Digestion of the samples was conducted 
by firstly adding 10 mL of 25% aqua Regia solution and sonicating in boiling water for 2 hrs in 
the sonic bath to fully dissolve the samples. The aqua Regia solution was made in-house by 
diluting 18.9 mL of HCl (37%, Sigma Aldrich) and 6.6 mL HNO3 (70%) in H2O. After the 
samples had cooled down to room temperature, 20 mL of H2O was added to provide an end 
concentration of approximately 2% HNO3. 10 mL was then filtered through a 0.22 μm filter 
syringe into a 15 mL sample vial ready for characterisation. 
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A Perkin Elmer Nexion 300X with plasma strength of 1500 W was used and the analysis was 
conducted against appropriate calibration curves. For sample introduction, a SeaSprayTM  
nebulizer connected to a cyclonic spray chamber was used. The sample was pumped 
through at a rate of 0.3 mL min-1 using a peristaltic pump. 
3.2.4. Thermo-gravimetric analysis (TGA) 
A Netzsch TG209F1 TGA was conducted for the Pt NW/C and PtNi NW/C catalysts in the 
temperature range of 20–700°C at a heating rate of 10°C min-1 under a 40 mL min-1 flow of 
air.  The analysis to GDEs was conducted by cutting out a 1 cm2 piece and running TGA in 
the temperature range of 20–900°C at a heating rate of 10°C min-1 under air:N2 gas flow mix 
(40:20 mL min-1). 
3.2.5. X-ray diffraction (XRD) 
Samples for XRD measurement were prepared by creating a thin film of the catalyst power 
on a 1 cm2 strip of Scotch Magic Tape, or directly using a 1 cm2 piece of GDE. XRD patterns 
were recorded with a Bruker D8 Auto-sampler with a Cu Kα X-ray source (λ = 0.15406 nm).  
Scans were run with a step size of 0.02° and dwell time of 0.47 s.  
3.2.6. X-ray photoelectron spectroscopy (XPS) 
XPS samples were prepared by dispersing the catalyst powders (or sticking the GDEs) onto 
double-sided tape on-top of a Si wafer. A Thermo Fisher Scientific NEXSA spectrometer was 
used and the samples were analysed using a micro-focused monochromatic Al Kα source 
with a power of 72 W. The spot size was 300 μm by 300 μm. A combination of both low 
energy electrons and Ar ions were used to achieve charge neutralisation of the samples. 
CasaXPS software (version: 2.3.18PR1.0) was used for data analysis where sample 
charging was corrected by using the C1s peak at 284.5 eV. 
60 
 
3.2.7. Hg porosimetry 
A Hg porosimeter (AutoPore IV, Micrometrics) was used to obtain pore size distributions of 
Pt/C (Tanaka Kikinzoku Kogyo (TKK), TEC10E50E, 46.2 wtPt%), Pt NW array and Pt/N-CNT 
GDEs. A piece of the GDEs of ca. 49–62 mg were cut into pieces and placed into a glass 
stem. After insertion into the porosimeter, the stem was slowly filled up with Hg up to a 
pressure of around 31.4 kPsi (corresponding to a pore diameter of around 5.77 nm where a 
higher pressure results in the filing of smaller pores) whereby the volume intrusion was 
measured. A plot of differential volume intrusion vs. pore diameter provides the pore size 
distribution.  
3.3. Electrochemical measurement 
3.3.1. Rotating disk electrode (RDE) preparation 
In order to evaluate the inherent catalytic activities of Pt/C, Pt NW/C and PtNi NW/C, a 
standard 3-electrode setup was used with an Autolab PGSTAT302N potentiostat. Catalyst 
ink with a concentration 5 mgcatalyst mL-1 was made up with H2O:IPA:10wt% Nafion solution at 
a volumetric ratio of 0.79:0.2:0.01, respectively. This was homogenised by using the 
sonication bath for 5 mins followed by the sonication probe (20% power for 10 mins in a 10 s 
on, 10 s off pulse sequence). The working electrode was made by pipetting 5 μL of the 
freshly made ink onto a 0.196 cm2 Pine Instruments glassy carbon electrode (GCE) – pre-
polished with alumina slurries down to 0.05 μm – and dried under a rotation rate of 600 rpm 
in air. An in-house prepared reference hydrogen electrode (RHE) and flame cleaned Pt 
gauze were used as the reference and counter electrodes, respectively. A 5 necked round 
bottom flask was used as the electrochemical cell. This was pre-cleaned by soaking in 1.67 g 
L-1 KMnO4 and 0.33vol% H2SO4 mixed solution for at least 1 day. The cell was then soaked in 
diluted H2O2 (3.5% in H2O made from 35 %, Sigma-Aldrich) before multiple rinses with H2O 
and finally 0.1 M HClO4 solution (diluted in house from 70%, Honeywell). 0.1 M HClO4 was 
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used as the electrolyte solution and a water jacket ensured a cell temperature of 25°C. A 
graphical representation of the RDE setup is shown in Figure 3.4: 
 
Figure 3.4: Schematic of the RDE testing apparatus.   
3.3.2. RDE measurement 
The cell was purged with N2 for 20 mins before cyclic voltammetry (CV) was recorded in the 
potential range 0.05–1.2 V vs. RHE at a scan rate of 100 mV s-1. This was undertaken to 
electrochemically clean the catalyst surface. Afterwards, 3 CVs were conducted at 20 mV s-1 
the last of which was used to calculate the electrochemically active surface area using the 
following method: 
The CV obtained for the Pt/C catalyst is shown below (Figure 3.5) where the region 




Figure 3.5: CV of the Pt/C catalyst recorded in the range 0.05–1.2 V vs. RHE at a scan rate 
of 20 mV s-1. The Hdes region is depicted. 
A sloping background is used and the area – when converted to a current vs. time plot – 
corresponds to the charge associated with the process, QHdes / C [166,167]. Assuming a full 
coverage on a polycrystalline surface, the absolute Pt surface area, APt / cm2 was calculated 




-2             (Equation 3.1) 
The electrochemically active surface area (ECSA) / m2 gPt-1 can then be calculated by 




    (Equation 3.2) 
Mass and specific activities are obtained by normalising the kinetic current at a set potential 
(e.g. 0.9 V) to the mass and ECSA of Pt, respectively. In this thesis, a full Koutecky-Levich 
analysis was used: linear sweep voltammetry (LSV) was conducted in N2 saturated 
electrolyte from 0.05–1.2 V vs. RHE at a sweep rate of 20 mV s-1 and rotation rates of 400, 
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800, 1200, 1600 and 2000 rpm. Electrochemical impedance spectroscopy (EIS) analysis was 
conducted in N2 saturated electrolyte at 0.5 V vs. RHE in the frequency range 10 kHz–0.1 
Hz. The internal resistance was taken as the real part of the impedance when it crosses that 
axis of the Nyquist plot. The electrolyte was then saturated with O2 for 25 mins and LSVs 
were then recorded. The electrolyte was purged with O2 for 20 mins in between each run to 
ensure full saturation. Figure 3.6 shows the N2, O2, and corrected LSV plots where the N2 
LSV plot was treated as the background and the internal resistance, Rint / Ω was corrected 
for using Equation 3.4: 
 
Figure 3.6: LSV plots of the Pt/C catalyst recorded in the range 0.05–1.2 V vs. RHE at 1600 
rpm and a scan rate of 20 mV s-1. N2 or O2 saturation is indicated as well as an LSV where 
background and internal resistance corrections have been made. 
Ecorrected= Emeas - (i∙Rint)   (Equation 3.4) 
Ecorrected is the internal resistance corrected potential vs. RHE / V, Emeas is the measured 
potential vs. RHE / V and i is the measured current / A. 
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To obtain a kinetic current, a Koutecky-Levich plot was made from the corrected LSV plots at 
various rotating rates: 
 
Figure 3.7: The Koutecky-Levich plot for the Pt/C catalysts at potentials of 0.4 and 0.9 V vs. 
RHE. The kinetic current as the intercept of the extrapolated line of best fit with infinite 
rotation rate is shown. 
The Koutecky-Levich equation (Equation 3.5) implies that the intercept of the plot 
corresponds to the kinetic current, ik / A, at the specified potential, i.e. what the current would 











) ω-1/2  (Equation 3.5) 
A is the electrode surface area / cm2, D is the diffusion coefficient / cm2 s-1, v is the kinematic 
viscosity cm2 s-1, C is the reactant concentration / mol cm-3 and ω is the angular rotation rate 
/ rad s-1. 
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The kinetic current at 0.9 V was then used to obtain mass (MA) and specific activities (SA) 
using the follows two equations: 
MA0.9 V = 
ik,  0.9 V
mPt
   (Equation 3.6) 
SA0.9 V= 
ik,  0.9 V
APt
   (Equation 3.7) 
3.3.3. Ex-situ GDE measurement 
For the NW GDEs, ex-situ GDE measurement was conducted using a FlexCell 
polytetrafluoroethene (PTFE) from Gaskatel. Figure 3.8 shows a schematic illustration of the 
cell. Both Pt NW and PtNi NW GDEs (precursor ratio Pt3Ni4, annealed at 200°C, acid 
leached) were tested both without ionomer and with a loading of 0.6 mgNaf cm-2. Ionomer 
coating was applied by painting a solution of 85.7 μL 10wt% Nafion® suspension dispersed in 
200 μL IPA and leaving to dry in ambient conditions. The GDE was wetted with H2O before 
inserting into the FlexCell gas compartment where it was held by O-rings of active area 3 
cm2. The main and reference electrode compartments were filled with 0.1 M HClO4 aqueous 
solution and a pipette was used to purge and dislodge any bubbles within the luggin channel 
(the channel that links the RHE with the main electrolyte compartment as close to the GDE 
as possible). The gas behind the electrode piece was set at a constant flow of 189 mL min-1. 
A Pt coil counter electrode was in built into the cell and a commercial HydroFlex RHE 
(Gaskatel) was used as the RHE. Temperature was controlled by two heating plates inserted 





Figure 3.8: Schematic of the FlexCell used for ex-situ GDE measurement. 
The Pt NW GDE and PtNi NW GDEs were initially measured at 25°C with N2 gas flowed 
behind the GDE for 20 mins before running 100 CV cycles in the range 0.05–1.2 V vs. RHE 
at 100 mV s-1 in order to electrochemically clean the surface. 2 CV cycles were then 
conducted at 20 mV s-1, the last of which was taken for ECSA measurement as described in 
Section 3.3.2. The gas was then switched to O2 and the open circuit potential (OCP) 
measured until a stable value was reached for at least 200 s, indicating the electrolyte was 
saturated. An LSV was then recorded from 1.2–0.05 V vs. RHE at 10 mV s-1. EIS was 
conducted at 0.9 V vs. RHE in the frequency range of 10 kHz–0.1 Hz with the real 
impedance at the high frequency intercept taken as the internal resistance. Double layer 
charging was accounted for by shifting the LSV up so that the current at the measured OCP 
was equal to 0 A. Internal resistances were corrected for as per Section 3.3.2. The cell 
temperature was then changed to 50°C and all measurements re-run. 
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3.3.4. Membrane electrode assembly (MEA) fabrication 
For the Pt/C and Pt NW/C catalysts, the required catalyst for 0.4 mgPt cm-2 was measured 
and dispersed in 90.5 μL 10wt% Nafion® aqueous solution and 0.5 mL IPA by use of the 
sonication bath for 5 mins, followed by sonication probe at 20% power for 10 min in a 10 s on 
/ 10 s off pulse sequence. The ink was then painted onto a 4×4 cm GDL substrate (Sigracet 
35 BC) and left to dry in ambient conditions. For NW array GDEs and Pt/N-CNT GDEs, 
Sigracet 39 BC GDLs (the new brand name of 35 BC) were used. Ionomer (for a loading of 
0.6 mgNaf cm-2) was applied by painting a solution of 91.4 μL 10wt% Nafion® in 200 μL IPA 
onto the GDE surface. 
JM Pt/C GDEs (0.4 mgPt cm-2) coated with an ionomer layer of 0.6 mgNaf cm-2 were used the 
anodes to make MEAs. FuelCellStore Pt/C GDEs with 0.2 mgPt cm-2 on carbon paper were 
used for making MEAs used in Chapter 5 – Section 5.4.2. Nafion® 212 membrane was used 
as the proton exchange membrane (PEM) for all MEAs. The cathode and anode were hot 
pressed at either side of the PEM at 135°C under 4.9 MPa for 2 mins. 
3.3.5. Single fuel cell performance testing 
For all single cell tests, a PaxiTech-Biologic FCT-50S PEMFC test stand was used (Figure 
3.9). PTFE gaskets with a thickness 254 μm were used. Graphite flow field plates with single 
serpentine tracks were arranged in counter flow. The single cell was tightened with a force of 
3.5 Nm. The cell was tested at 80°C. Initially for membrane break-in, the cathode/anode 
were fuelled with air/H2 with an absolute pressure of 1.5/1.5 bar at a stoichiometry of 1.5/1.3 
and 100%/100% relative humidity (RH), respectively. The cell was held at 0.6 V overnight 
(minimum of 8 hrs) or until a constant current was measured. The gas was switched to the 
following at the cathode/anode respectively, corresponding to those specified by the US 
department of energy (DoE) protocol for the activity measurement [97]: O2/H2, 1.5/1.5 bar 
absolute pressure, 2/9.5 stoichiometry and 100%/100% RH. Cell break in and polarisation 
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curve acquisition followed the methods defined by the harmonised EU testing protocols 
[168]. 
 
Figure 3.9: PaxiTech Biologic FCT-50S PEMFC test stand with single cell hardware. 
Figure 3.10a shows the voltage and current outputs of a MEA with Pt/C electrodes when 
cycling between high (0.8 V) and low (0.4 V or as close to as possible) potentials to 
electrochemically clean the surface. The polarisation curve acquisition consisted of 
galvanostatic measurements as outlined in Table 3.1 and shown in Figure 3.10b. The 
potential and current in the last 25 s of each step was averaged to plot the polarisation curve 
in Figure 3.10c. EIS was run at 30 mA cm-2 with amplitude 72 mA (for 16 cm2 MEA) in the 
frequency range of 10 kHz–0.1 Hz. The real impedance value at the high frequency intercept 
was taken as the internal resistance to correct the O2 polarisation curve and the H2 crossover 
current was also added onto the polarisation curve (acquisition method described shortly). 
The correction is also shown in Figure 3.10c. The current at 0.9 V was taken for mass and 




Figure 3.10: Data for a MEA with Pt/C electrodes showing (a) the break in procedure, (b) 
polarisation curve acquisition and (c) internal resistance and H2 crossover corrections made 
on the O2 polarisation curve. 
Table 3.1: The protocol to acquire polarisation curves. 
Step # I / A cm-2 Time / s Step # I / A cm-2 Time / s 
1 0.00 10 18 1.80 150 
2 0.02 10 19 1.60 150 
3 0.04 10 20 1.40 150 
4 0.06 10 21 1.20 150 
5 0.08 10 22 1.00 150 
6 0.10 10 23 0.80 150 
7 0.20 10 24 0.60 150 
8 0.30 10 25 0.40 150 
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9 0.40 10 26 0.30 150 
10 0.60 10 27 0.20 150 
11 0.80 10 28 0.10 90 
12 1.00 10 29 0.08 90 
13 1.20 10 30 0.06 90 
14 1.40 10 31 0.04 90 
15 1.60 10 32 0.02 90 
16 1.80 10 33 0.00 90 
17 2.00 150    
 
For cathode CV and the measurement of the hydrogen crossover, the cathode gas was 
switched to N2 and the potential held at 0.6 V for 1 hr. An EZstat-Pro system (NuVant 
Systems) was used for these tests where initially 6 cleaning CVs were conducted in the 
potential range of 0.05–1.2 V vs. RHE at 50 mV s-1, followed by 3 CVs at 20 mV s-1, which 
were used for Pt surface area measurements. The potential was then held at 0.5 V vs. RHE 
for 30 mins and the final current value taken as the hydrogen crossover current. 
The polarisation curves of the MEAs under realistic automotive application conditions were 
recorded with the cathode/anode conditions as below: air/H2, 2.3/2.5 bar absolute pressure, 
1.3/1.5 stoichiometry and 30%/50% RH, respectively. Cell break in and polarisation 
acquisition were conducted with the same procedure as for the O2 tests. EIS was recorded in 
the frequency range 10,000–0.1 Hz at 30 mA cm-2 (72 mA amplitude), 0.65 V (10 mV) and 
0.5 V (10 mV). 
3.3.6. Accelerated stress testing (AST) of the MEAs 
AST was performed to evaluate the electrode stability. The gas settings were changed back 
to those used for the N2 testing and 3000 CV cycles were run in the potential range of 0.6–
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This chapter focuses on developing a method for alloying Ni into Pt nanowires (NWs) in a 
way that is translatable to other Pt structures and distributions, such as Pt NW array 
electrodes. The method employed is impregnation with subsequent thermal annealing. The 
effects of the thermal treatment temperature on the structure and morphology of the catalysts 
is evaluated, and the resultant oxygen reduction reaction (ORR) catalytic activities and single 
PEMFC performance are discussed. 
4.1. Introduction 
In Chapter 2 it was shown that the alloying of Pt with transition metals e.g. Ni and the 
extension of highly active crystal facets in 1D Pt nanostructures have both been confirmed as 
effective methods of improving the catalytic activity of Pt towards the ORR. Therefore, by 
combining both approaches into 1D PtM alloy nanostructures, ultra-high ORR catalytic 
activities can potentially be obtained. For example, Huang and co-workers have refined a 
solvothermal method for synthesising highly active PtNi NW/C for a variety of 
electrochemical reactions [110,112,113]. Their catalysts reached a mass activity of 3.96 A 
mgPt-1 using the half-cell electrochemical measurements in 0.1 M HClO4 [110]. However, as 
of now, no result has been reported for this type of 1D PtNi electrocatalyst using the PEMFC 
single cell test. Single cell testing of such novel catalysts is increasingly important because of 
a well-known disparity between the catalytic activities recorded using the single cell test and 
the liquid half-cell measurement (i.e. RDE) [23]. A lack of understanding surrounding this is 
preventing such catalysts to becoming of practical use for commercial PEMFCs. In an 
example to stress the importance of proceeding to single cell PEMFC tests, Pivovar and co-
workers used the spontaneous galvanic displacement of Pt on commercial Ni NWs to 
synthesise a catalyst with mass activity 0.92 A mgPt-1 [141]. Later work then focused on 
adapting these catalysts for use in PEMFCs by means of employing thermal treatment [11] 
and acid leaching techniques [170]. However, despite improvements, achieving high 
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performance in a single cell has been difficult due to the initial high Ni content causing 
serious contamination of the surrounding ionomer [171]. 
Previously, Du and co-workers demonstrated that a Pt NW array GDE, produced by a very 
simple wet chemical reduction of chloroplatinic acid can outperform a commercial Pt/C GDE 
in a working PEMFC as a result of an increased intrinsic catalyst activity and reduced mass 
transport limitations [32,35]. Inspired by the impressive increases in the catalytic activities to 
the ORR by alloying Pt with Ni, further enhancements are hypothesised for a similar NW 
array but with a Pt3Ni alloy in place of pure Pt. While the aforementioned PtNi NW 
preparation methods have been shown to give highly active catalysts to the ORR, such 
approaches are difficult to adapt for NW array formation without sacrificing simplicity and 
scalability in the approach. Therefore, the development of a simple method of impregnating 
and annealing Ni into pre-existing Pt NWs supported on Vulcan XC-72R to form Pt3Ni NWs, 
for the later adaption to Pt NW arrays forms the core objective of this work. A similar method 
has been shown before by Elvington et al. who reported improved specific activity of PtNi 
NWs supported on carbon nanotubes (CNTs) in comparison to the pure Pt control after Ni 
was impregnated and annealed into the Pt structure at 200°C [172].  However, the use of 
hydrazine monohydrate is highly toxic and so NaBH4 was favoured as the reducing agent to 
then impregnate the surface of the NWs with Ni. To induce the surface segregation of Pt and 
thus alloying of the Ni, thermal annealing in a reductive atmosphere (4% H2/Ar) is employed 
and the effects of temperature and duration of annealing on morphology, degree of alloying, 





4.2. Morphology Changes during the Thermal Annealing 
To visualise the synthesised Pt and PtNi NW/C samples as well as to evaluate morphological 
changes during the thermal annealing, transmission electron microscopy (TEM) analysis was 
performed. Figure 4.1 shows the Pt NW/C catalysts initially synthesised by the formic acid 
reduction method. The images show that most of the Pt NW formation occurred in large, 
cubically shaped agglomerates with an average size of about 120 nm on the diagonal. Such 
agglomeration has been reported before on pure carbon supports and is thought to result 
from an underlying cubic seed whose facets provide the anchoring sites for Pt growth [165]. 
Some individual wires on the carbon support can still be seen amongst various particles 
which form in the early hours of the synthesis when reactant concentration is high [107]. 
While the agglomeration is known to reduce the ECSA of the catalysts and is the primary 
reason for the modest mass activities reported later in this chapter, the decision was made to 
prepare all Pt NW/C and PtNi NW/C catalysts in this study from the same large initial batch 
of the Pt NW/C catalysts. Therefore, whilst compromising catalytic performance, the trends in 
activity in this work can reliably be attributed to the control factors such as annealing 
temperature and time. The NWs within the agglomerates were found to have an average 
diameter of 3.40 nm, as expected from previous works [107,108]. From Figure 4.1d an inter-
lattice spacing of 0.22 nm was also found, indicating NW growth in the <111> 
crystallographic direction and thus the preferential exposure of facets highly active towards 
the ORR.   
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Figure 4.1: (a)–(d) TEM images of Pt NW/C catalysts. 
Figure 4.2 shows the TEM images of the NWs upon impregnation of Ni (PtNi NW/C). Similar 
agglomerates to the Pt NW/C sample were observed with distinguishable NWs both singular 
on the carbon support and protruding from the agglomerate surface. On addition of Ni, the 
average diameter of the wires was found to be slightly higher than Pt NWs at 3.59 nm but the 
inter-lattice spacing remained at 0.22 nm, indicating no measurable lattice contraction for this 




Figure 4.2: (a)–(d) TEM images of PtNi NW/C catalysts. 
Both Pt NW/C and PtNi NW/C were annealed at temperatures of 150, 250 and 350°C for 24 
hours and the change in morphology at these low annealing temperatures is significant. 
Figure 4.3 shows the changes to the Pt NW/C and PtNi NW/C samples after annealing at 
these different temperatures. Even at the lowest temperature of 150°C, slight sintering was 
observed for the Pt NW/C catalysts (Figure 4.3a) where some agglomerates had lost the 
protruding NWs to form Pt bulk crystals, and the NWs left over had grown in diameter to 5.06 
nm. At 250°C and 350°C (Figure 4.3b and 4.3c, respectively) no NWs were present 
indicating a high degree of sintering. Figure 4.3c indicates that the agglomerates had also 
begun to coalesce resulting in even larger bulk structures. For the PtNi NW/C sample, after 
annealing at 150°C (Figure 4.3d) the NW structure appears much the same as the catalysts 
prior to annealing with an average NW diameter of 3.56 nm. After annealing at 250°C the 
vast majority of PtNi NWs had sintered. However, in contrast to the Pt NW catalyst, instances 
of NWs were observed with an average diameter of 8.58 nm (Figure 4.3e). As seen in Figure 
4.3f, at 350 °C all of the PtNi NW/C catalysts had sintered into particles indicating that 
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despite a higher thermal stability for the PtNi NW/C catalyst in comparison to the Pt NW/C, 
the ultra-high annealing temperatures of up to 900°C used to alloy PtM nanoparticles cannot 
be used for the ultrathin NWs presented here if the morphology is to be retained [173,174]. 
This hampers the degree that Ni can segregate into the Pt NW structure. However, Pt alloy 
skin structures have been shown to be more active in comparison to bulk alloys where Ni 
enrichment in the second layer provides the greater weakening of the Pt-OHads bond 
[87,175,176].       
 
Figure 4.3: TEM images of Pt NW/C annealed for 24 hrs at (a) 150°C, (b) 250°C, (c) 350°C 
and PtNi NW/C annealed for 24 hrs (d) 150°C, (e) 250°C, (f) 350°C. 
STEM-EDX mapping was conducted on the PtNi NW/C catalysts annealed at 150°C (Figure 
4.4a–c) and 350°C (Figure 4.4d–f). However, the low Ni content means that this technique 
can only indicate the successful incorporation of Ni into the Pt structures by use of NaBH4. 
PtxNi was measured with values of x = 7.89 and 3.63 for samples annealed at 150 and 
350°C, respectively. The high dependency of this technique on the spot area, material size 





Figure 4.4: STEM images ((a) and (d)) and EDX mapping of Pt (Cyan (b) and (e)) and Ni 
(Green (c) and (f)) of (a)–(c) PtNi NW/C (150°C) and (d)–(f) PtNi NW/C (350°C). 
Besides annealing temperature, the duration was also investigated. After annealing the PtNi 
NW/C at 150°C for 72 hrs, huge agglomerate structures were observed indicating a high 
degree of coarsening over the extended time period (Figure 4.5). While the average NW 
diameter remained low at 3.53 nm - indicating very high stability of PtNi NW/C at 150°C — 
the micron scale structures suggest that the coarsening is substantial at even this modest 
temperature. This knowledge is of importance if considering these catalysts for use in 
intermediate and high temperature PEMFCs which can run up to 180°C, as agglomeration 




   
Figure 4.5: (a)–(b) TEM images of PtNi NW/C (150°C, 72 hrs). 
Scanning electron microscopy (SEM) analysis was also conducted on the Pt NW/C catalyst 
to show the morphological change of the Pt NWs after thermal annealing at the higher 
temperature of 350°C for 24 hrs. Figure 4.6a shows that before thermal annealing the cubic 
formation of NWs has a spikey morphology where the wires protrude from the bulk’s surface. 
These localised concentrations of Pt are not ideal for PEMFC operation where maximal Pt 
distribution is optimal for reactant mass transport, but are indicative of Pt NW growth at room 
temperature [32]. After annealing at 350°C, sintering of the NWs results in very smooth cubic 
particles of Pt (Figure 4.6b), which are later shown (Section 4.4) to have a 48% smaller 
surface area for a given Pt mass. 
     
Figure 4.6: SEM images of (a) Pt NW/C and (b) Pt NW/C (350°C). 
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ICP-MS was used to accurately determine the PtxNi ratio in the catalysts: Table 4.1 shows 
the obtained PtxNi ratio for each catalyst with Ni in, as well as the Pt NW/C sample for a 
baseline. The baseline result shows minimal Ni contamination in the sample whereas the 
other results give an average PtxNi composition of Pt2.7Ni suggesting that the majority of Ni 
precursor was successfully reduced by the NaBH4 giving a near optimal Pt3Ni ratio for ORR 
performance [22,87,178].  
Table 4.1: The PtxNi ratio as determined from ICP-MS. 
Sample PtxNi Ratio 
Pt NW/C 1360.6 
PtNi NW/C 2.5 
PtNi NW/C (150oC) 2.7 
PtNi NW/C (250oC) 3.0 
PtNi NW/C (350oC) 2.5 
PtNi NW/C (150oC, 72 hrs) 3.0 
. 
4.3. Degree of alloying and oxidation states of PtNi NW/C 
To investigate the crystallographic nature of the synthesised catalysts and Ni alloying degree 
after thermal annealing, X-ray diffraction (XRD) was performed on the Pt NW/C and the PtNi 
NW/C catalysts after annealing at the different temperatures. All samples show the typical 
peaks that can be indexed to the Pt face centred cubic (FCC) structure (Joint Committee on 
Powder Diffraction Standards, JCPDS-04-0802), as indicated in Figure 4.7a. A positive peak 
shift in 2θ values for the PtNi NW/C catalysts can be clearly seen as the annealing 
temperature increases. As a result, using the well-defined (111) and (200) peaks, the lattice 
constant becomes smaller with the increase of the annealing temperature (Figure 4.7b). This 
lattice contraction is indicative of an increased alloying of Ni to Pt at the higher temperature 
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because it implies that the smaller diameter Ni atoms have successfully occupied Pt sites in 
the crystal lattice structure. The successful incorporation of Ni into the Pt NW structure is 
also suggested by the lack of Ni characteristic diffraction peaks in the spectra. Of importance 
to note is the fact that the observed shift in the lattice constant for the PtNi NW/C alloys here 
is much smaller than those reported in other studies [61,95], suggesting that the alloyed Ni 
remains close to the NW surface and is insufficient to obviously change the bulk lattice 
structure as also found by Elvington et al. [172]. For the longer annealing duration of 72 hrs 
at 150°C, the lattice parameter shifted to almost the same value as the PtNi NW/C annealed 
at 350°C for 24 hrs suggesting that a higher degree of alloying can be accomplished with an 




Figure 4.7: (a) XRD patterns of Pt NW/C and PtNi NW/C catalysts and (b) Average lattice 




X-ray photoelectron spectroscopy (XPS) was conducted on the Pt NW/C and the PtNi NW/C 
catalysts so that the nature of the Pt and Ni species can be investigated. The prime 
difference in the survey spectra (Figure 4.8) is the presence of Ni 2p 3/2 and 1/2 spin orbital 
peaks in the binding energy (B.E.) range 845–890 eV. The intensity of these peaks for those 
catalysts containing Ni follows the order PtNi NW/C > PtNi NW/C (150°C) > PtNi NW/C 
(250°C) > PtNi NW/C (350°C). XPS resolution is highly surface sensitive and so this 
suggests that the Ni present is progressively more subsurface at the high annealing 
temperatures, supporting the XRD where the high annealing temperature induced a greater 
degree of surface segregation. 
 
Figure 4.8: XPS survey scan of Pt NW/C and PtNi NW/C catalysts. 
High resolution Pt 4f scans were conducted and are shown in Figure 4.9. Fitting of Pt XPS 
can be conducted with either the inclusion of Pt(II) and Pt(IV) peaks or through a single 
asymmetric peak attributable to metallic Pt. While the prior method was adopted for the 
associated publication [179], throughout this thesis it was found for the NW catalysts that it is 
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more appropriate to fit the peaks with the two Pt metallic peaks associated with the 7/2 and 
5/2 spin states with spin-orbit coupling ≈ 3.33 eV [180,181]. At the high annealing 
temperatures it was found that the Pt peaks shifted to more negative binding energies, from 
71.58 eV for the PtNi NW/C to 71.01 eV for the PtNi NW/C (350°C). This shift can be 
ascribed to alteration of the Pt electronic structure [182] or perhaps the reduction of any Pt 
oxide contribution to the single peak fitting.  Within Pt 4f region, the overlap of Ni 3p peaks 
are also observable for all of the PtNi NW/C catalysts, and similar to the Ni 2p region in the 
survey spectra, decreased in intensity with higher annealing temperatures. 
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Figure 4.9: Pt 4f XPS spectra for (a) Pt NW/C, (b) PtNi NW/C, (c) PtNi NW/C (150°C), (d) 
PtNi NW/C (250°C) and (e) PtNi NW/C (350°C). 
High resolution Ni 2p spectra were also obtained. Previously, fitting was conducted with 
peaks for metallic Ni, NiO, Ni(OH)2, Ni(OOH) and a generic Ni satellite peak [59,179]. This 
has been simplified here, with fitting including just the Ni and more generalised Ni2+ species 
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with their respective satellite peaks (Figure 4.10). With this simplified fitting it can more 
clearly be seen that at the high annealing temperatures, the proportion of Ni to Ni2+ visibly 
increased suggesting a greater degree of reduction from the H2/Ar gas during the annealing 
process. 
     
Figure 4.10: Ni 2p XPS spectra for (a) PtNi NW/C, (b) PtNi NW/C (150°C), (c) PtNi NW/C 
(250°C) and (d) PtNi NW/C (350°C). 
XPS analysis was also conducted on PtNi NW/C after annealing at 150°C for 72 hrs and the 
XPS spectra suggests little change in oxidation states compared to the catalyst annealed at 
150°C for 24 hrs (Figure 4.11). Considering that the lattice contraction is close to that seen 
for the sample annealed at 350°C by the XRD pattern, it appears that Ni reduction does not 
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completely cause effective segregation and alloying even though it can assist in the process 
[87]. It is known that a few layers of Ni beneath the surface or Ni on the surface can present 
in its oxidised form when exposed to ambient conditions and thus it could be these species 
inducing the lattice contraction in the PtNi NW/C (150°C, 72 hrs) [174]. 
     
 
Figure 4.11: XPS spectra of PtNi NW/C (150°C, 72 hrs): (a) Survey spectrum including PtNi 
NW/C (150°C), (b) Pt 4f scan and (c) Ni 2p scan. 
Thermogravimetric analysis (TGA) was run to evaluate the catalyst loading of the materials 
and to further evaluate the nature of Ni in the catalysts (Figure 4.12). For the PtNi NW/C 
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catalysts, an initial drop in residual mass was observed between 200–300°C which can be 
attributed to the decomposition of surface Ni hydroxide species [183]. The degree of this 
drop decreases with the increase of the annealing temperature coinciding with the drop of 
the Ni2+ proportion shown in the XPS analysis. With no clear hydroxide decomposition in the 
PtNi NW/C (350°C) catalyst, the residual masses of 61.0% for Pt NW/C and 64.3% for PtNi 
NW/C (350°C) (Pt loading of 58.4% assuming Pt3Ni), indicates that the Pt loadings of 60% 
for Pt NW/C and 56.6% for PtNi NW/C (assuming Pt3Ni) are valid.   
 
Figure 4.12: Fast Fourier transform (FFT) 5 point smoothed TGA of Pt NW/C and PtNi 
NW/C catalysts. 
4.4. ORR Catalytic Activity Evaluation by Half-cell Measurements 
To evaluate the inherent ORR catalytic activity of the synthesised catalysts, a half-cell RDE 
experiment was employed. It is important to note that while it is convention to use the mass 
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transport correction to obtain kinetic currents, a full Koutecky-Levich analysis was favoured in 
this work because the current at 0.9 V vs. RHE was frequently larger than the current at the 
half wave potential [167,184]. After the initial catalyst cleaning cycles, three CVs in the 
potential range of 0.05–1.2 V vs. RHE were run at 20 mV s-1 and the hydrogen desorption 
(Hdes) region was used to evaluate the electrochemically active surface area (ECSA). Figure 
4.13 shows the obtained ECSAs for the catalysts that did not undergo annealing alongside 
the obtained specific activities. For the commercial Pt/C nanoparticle catalyst, an ECSA of 
85.7 m2 gPt-1 and a specific activity of 292 μA cmPt-2 were obtained, meeting the expected 
standard and thus validating this test [167]. For Pt NW/C the heavy agglomeration seen in 
the TEM analysis resulted in a small ECSA of 13.1 m2 gPt-1. Surface Ni impregnation reduces 
this further to 8.0 m2 gPt-1 by the blocking of active Pt sites from the surface Ni hydroxide 
species, as previously indicated by the XPS analysis and TGA. Despite Ni mainly being 
present as hydroxides (and oxides), an enhanced specific activity of 769 μA cmPt-2 was 
recorded for PtNi NW/C in comparison to 536 μA cmPt-2 for Pt NW/C. While for Pt NW/C 
activity enhancements are attributable to the inherent benefits of the 1D morphology, even 
on the surface the Ni appears to contribute to a boost in ORR activity via the small lattice 




Figure 4.13: ECSA and specific activities for Pt/C, Pt NW/C and PtNi NW/C determined by 
RDE measurements. 
With regards to the ECSAs after annealing, at 150°C the ECSA of PtNi NW/C increased to 
11.1 m2 gPt-1 (Figure 4.14). The surface segregation of Ni into the Pt would have freed some 
of the previously blocked catalytic sites resulting in this increase. After the extended 
annealing time of 72 hrs the coarsening resulted in a drop of ECSA to 9.3 m2 gPt-1. At higher 
annealing temperatures of 250 and 350°C, smaller ECSAs of 4.8 and 4.2 m2 gPt-1 were 
recorded, respectively, as a result of the sintering process destroying the NW morphology 
and removing the access for reactants to catalytic sites originally between the wires. For Pt 
NW/C a similar progressive drop in ECSA was found for an increase of annealing 
temperature where values of 8.1, 7.6 and 6.1 m2 gPt-1 were obtained for temperatures of 150, 
250 and 350°C, respectively. The ECSAs of the PtNi NW/C catalysts at the high annealing 
temperatures were lower than the Pt NW/C counterparts. A contributing factor could be 
underestimation of the ECSAs due to the modification of the Pt surface electronic properties 
whereby other adsorption/desorption processes may overlap with the hydrogen desorption 
peak and the capacitive charging may not hold the same charge as on polycrystalline Pt 
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[166]. However, it is thought that surface hydroxides/oxides of Ni blocking Pt surface sites is 
the more likely cause. 
 
Figure 4.14: ECSA for the annealed Pt and PtNi NW/C catalysts as determined from the 
RDE measurement. 
After thermal annealing at 150°C for 24 hrs, the specific activities of Pt NW/C and PtNi NW/C 
increased to 808 and 1123 μA cmPt-2, respectively (Figure 4.15). The increase for the Pt 
NW/C catalyst can be attributed to the sintering of defect sites giving a more consistent 
crystalline surface. However, at 250°C a smaller specific activity even than the sample prior 
to annealing was found (561 μA cmPt-2) presumably due to the loss of NW morphology and 
the specificity of the exposed facets. The highest specific activity for the Pt NW/C catalysts 
was found after annealing at 350°C with a value of 968 μA cmPt-2 and is most likely due to the 
particle size effect where larger particles have a smaller proportion of corner and defect sites 




Figure 4.15: Specific activities for the annealed Pt and PtNi NW/C catalysts as determined 
from the RDE measurement. 
For the PtNi NW/C catalysts, a similar trend to the Pt NW/C catalysts was seen for the 
specific activities where after 24 hrs annealing at 150, 250 and 350°C activities of 1123, 855 
and 1606 μA cmPt-2 were measured, respectively. All PtNi NW/C catalysts demonstrated 
higher specific activities in comparison to the Pt NW/C equivalents showing that the slight 
alloying induced by the thermal annealing procedure increased the inherent catalytic activity 
of the NWs towards the ORR. Notably the differential between PtNi NW/C and Pt NW/C 
increased with annealing temperature as a result of the increased degree of alloying. For the 
PtNi NW/C annealed at 150°C for 72 hrs a specific activity of 889 μA cmPt-2 was obtained in 
spite of the increased degree of alloying suggested by the XRD analysis. Even though 
consistency in thin-film preparation was ensured, the current at 0.9 V is not completely 
absent of local mass transport limitations as is required for the kinetic currents to truly 
represent the catalytic activity of the NWs [185]. It could therefore be that the agglomeration 
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of the NWs after extended annealing times induced a greater mass transport resistance in 
the thin film and thus reduce the apparent activity of the catalyst surface. 
The mass activities recorded for all NW catalysts were low in comparison to the commercial 
Pt/C (TKK) nanoparticle catalyst (Figure 4.16). This mainly derives from the much lower 
ECSAs than that previously reported for Pt NW/C resulting from the large batch synthesis, in 
addition to the lower surface/bulk ratio in comparison to nanoparticles [108]. Comparing 
different NW catalysts however shows a slight increase in the mass activity for the catalysts 
with high annealing temperatures. A 1.78-fold mass activity improvement was measured for 
the PtNi NW/C catalyst annealed at 150°C for 24 hrs in comparison to the initial Pt NW/C 
catalyst. This is due to the improvement in the specific activity and the retention of ECSA by 
the resistance to sintering at 150°C. The coarsening process and the lower specific activity 
for the PtNi NW/C catalyst annealed for 72 hrs resulted in a smaller mass activity than PtNi 
NW (150°C), but it is still higher than that of the Pt NW/C catalyst. These RDE experimental 
results therefore show that PtNi NW/C annealed at 150°C for 24 hrs can be a promising 




Figure 4.16: Mass activities for the annealed Pt and PtNi NW/C catalysts as determined 
from the RDE measurement. 
4.5. Performance of the PtNi NW/C Catalysts in the PEMFC Single 
cell test 
A key component for the development of PEMFC catalysts is to test them in the single cell 
where the effects of the ionomer, membrane and porosity are included. All of the as-prepared 
catalysts above were prepared into 16 cm2 GDEs, hot pressed into MEAs with commercial 
GDEs as the anode and tested in the single cell PEMFC. In the single cells the OCP of all 
GDEs were comparable to each other and notably the specific activity of the catalysts at 0.9 
V (in H2/oxygen under DOE testing conditions) were not enhanced by the inclusion of the Ni 
(Figure 4.17). Therefore, in this work the disparity between activities recorded using the RDE 




Figure 4.17: The specific activity at 0.9 V of the Pt/C, Pt NW/C and PtNi NW/C MEAs under 
DOE testing conditions. 
Some of the explanation can be derived from the polarisation performance curves where 
there was a progressively higher drop in the cell potential on increase in the current density 
for the PtNi NW/C catalysts in comparison to the Pt NW/C catalysts (Figure 4.18). For the Pt 
NW/C catalysts it appears that the sintering and coarsening processes did not change the 
single cell performance as much as might be expected. When considering the agglomeration 
of the NWs, the Nafion® ionomer in the catalyst layer (CL) is thought to be unable to access 
all of the NWs and so mass transport characteristics appear to be more dependant of the 
larger structure size and distribution than the spacing between the individual NWs [163]. This 
result reiterates the importance of the NW dispersion in increasing overall PEMFC 
performance of 1D catalysts. This fact is illustrated further by the higher mass transport 
losses for the PtNi NW/C catalyst annealed at 150°C for 72 hrs in comparison to the sample 
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annealed for 24 hrs despite similar charge transfer resistances (Figure 4.19). The increased 
coarsening despite similar NW diameters is the cause of this effect. 
 
Figure 4.18: (a) Polarisation curves and (b) power density curves for the MEAs with the 
electrodes of; (i) Pt/C, (ii) Pt NW/C, (iii) Pt NW/C (150°C), (iv) Pt NW/C (250°C), (v) Pt NW/C 
(350°C), (vi) PtNi NW/C, (vii) PtNi NW/C (150°C), (viii) PtNi NW/C (250°C), (ix) PtNi NW/C 
(350°C) and (x) PtNi NW/C (150°C, 72 hrs). 
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As previously mentioned the biggest difference in fuel cell performance was observed when 
comparing the PtNi NW/C catalysts to those made of pure Pt. After Ni impregnation both 
charge transfer and mass transfer resistances were found to increase in the electrochemical 
impedance spectra (EIS) despite the improved catalytic activities recorded in the thin film 
RDE measurements (Figures 4.19). In part this is because in the RDE measurement the thin 
film CL is designed to minimise all mass transport losses as much as possible, but these 
effects are more prominent in the single cell test because the ionomer thin film on the 
catalyst surface results in a local oxygen mass transport resistance [19]. From the XPS 
analysis it is apparent that even though the high annealing temperatures result in more 
subsurface Ni, there is always a significant contribution from Ni oxides and hydroxides that 
can be assumed to lie on or near the surface of the Pt NWs. Considering the low acidic 
dissolution potential of -0.26 V vs. RHE for Ni, surface Ni can be assumed to dissolve and 
contaminate the ionomer during PEMFC operation [169,186].  
Early work by Okada et al. showed that cation contamination (those of alkali metals were 
tested) of ionomer coated Pt electrodes resulted in decreased ORR catalytic performance by 
virtue of decreased O2 permeability [144]. More recently, Braaten et al. studied the effects of 
Co2+ contamination on the ionomer where increased O2 transport resistances were attributed 
to a combination of cross-linking between the sulfonate groups and decreased water content 
[145]. Therefore, probable Ni contamination of the ionomer means that even at 0.9 V an 
increase in local O2 transport resistance is reducing the catalytic activity of the PtNi NW/C 
catalyst. At the high current density region where mass transport losses dominate, the effects 
are more pronounced. 
Another factor for the disparity from the RDE measurements and single cell test can be 
ascribed to the different stabilities of Ni towards dissolution in each environment namely due 
to the increased temperature in the PEMFC environment. As such any initial mass activity 
benefits that the Ni may produce can be quickly mitigated by dissolution in the time frame 
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that the cell hydration and break-in procedures occur. Jia et al. have shown that this effect 
can be circumvented by employing PtNi alloys with a high Ni content so that Ni dissolution 
actually increases catalytic activity over the course of the catalyst lifetime [24]. However, this 
does not consider the aforementioned negative effects of Ni dissolution. 
It has been previously reported that a thick Pt surface layer can protect the sub surface Ni in 
the PEMFC operational environment [19]. While other methods following the thermal 
annealing to stabilise subsurface Ni such as galvanic displacement [187] and acid leaching 
[170] may improve the performance of the synthesised PtNi NW/C catalysts, these MEA 
tests serve in elucidating some of the disparity between the catalytic performances from the 
RDE and single cell of PtNi alloys. These results were therefore instrumental in the 





Figure 4.19: (a)–(c) EIS conducted at 30 mA cm-2, 0.65 V and 0.5 V, respectively, for the 
MEAs with the electrodes of; (i) Pt/C, (ii) Pt NW/C, (iii) Pt NW/C (150°C), (iv) Pt NW/C 
(250°C), (v) Pt NW/C (350°C), (vi) PtNi NW/C, (vii) PtNi NW/C (150°C), (viii) PtNi NW/C 
(250°C), (ix) PtNi NW/C (350°C) and (x) PtNi NW/C (150°C, 72 hrs). 
4.6. Conclusions 
In this Chapter a simple and adaptable impregnation and subsequent annealing method for 
fabricating PtNi NWs supported on carbon was demonstrated. A more thorough investigation 
was conducted on the effects of the annealing temperature and time on the PtNi NW/C 
catalysts. It was found that while Pt NW/C sinters irreversibly at temperatures as low as 
150°C, PtNi NW/Cs have a better thermal stability during this process. However, the 
coarsening mechanism remains to be a prominent artefact dependent primarily on the time of 
annealing. Physical characterisation including XRD, XPS and TGA analyses in conjunction 
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with the thin film RDE measurements showed that while the high annealing temperatures can 
increase the degree of alloying between the Pt and impregnating Ni, the best catalytic activity 
enhancements of 1.78-fold mass activity improvement for PtNi NW/C over Pt NW/C is 
obtained with the retention of NW morphology at 150°C. However, despite the differences in 
the intrinsic catalytic activities observed between the catalysts, in the single cell test the 
effects are dampened by the amount that Nafion® ionomer can access the gaps between the 
individual catalyst nanowires. Therefore, the importance of NW dispersion is stressed. In 
addition, worse power performance was found for the PtNi NW/C in comparison to the Pt 
NW/C catalysts and it can be ascribed to a combination of reduced Ni stability to dissolution 
in the PEMFC environment, and the contamination of the Nafion® ionomer on the catalyst 
surface inducing larger localised O2 mass transport resistances. These results therefore help 
to explain the disparity between RDE results of novel ORR catalysts and their single cell 
performance as well as provide the groundwork to the fabrication procedure of PtNi NW 
























The work presented in this chapter is unpublished at the time of writing 
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This chapter focuses on the fabrication of PtNi nanowire (NW) array gas diffusion electrodes 
(GDEs) based on experiences and knowledge obtained from the PtNi NW catalyst shown in 
Chapter 4. Pt NW array GDEs are fabricated at first and Ni is impregnated on top. Thermal 
annealing is again employed as well as a subsequent acid leaching step to obtain the PtNi 
NW array GDEs. Further optimisation of the annealing temperature as well as the Ni and 
ionomer content are demonstrated for improved power performance in comparison to the 
pure Pt NW array GDEs. Ex-situ GDE testing is also employed to evaluate the oxygen 
reduction reaction (ORR) activities of the PtNi NWs in the GDEs as a comparison to the 
membrane electrode assembly (MEA) test.  
5.1. Introduction 
In Chapter 4 a method of synthesising PtNi NW/C was shown through a three step process 
of Pt NW growth, Ni impregnation and thermal annealing. The effects of the annealing 
temperature and time on the catalyst composition, morphology, ORR catalytic activities and 
MEA performance were analysed in depth where an annealing temperature of 150°C for 24 
hrs was found to give the best catalytic activity enhancements for PtNi NW/C over Pt NW/C 
by alloying of the Ni and retention of the NW morphology. However, the MEA performances 
of all catalysts with Ni were poor, especially at the high current density region due to the 
presence of surface Ni hydroxide species, which contaminate the ionomer in the catalyst 
layer (CL) [145,179,188]. 
Analogously, Pivovar et al’s development of PtNi NW catalysts also demonstrated similar 
issues: An initial publication reported the synthesis of PtNi NWs by the galvanic displacement 
of commercial Ni NWs (with an average diameter of 150–200 nm and length of 100–200 μm), 
and through ex-situ RDE tests a high mass activity of 0.917 A mgPt-1 was demonstrated 
towards ORR at 0.9 V vs. RHE [141]. Atomic layer deposition (ALD) was also later 
investigated with even greater performance enhancements [189]. Durability concerns over Ni 
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dissolution prompted further investigations into firstly oxidative annealing whereby a Ni oxide 
layer is induced in the core Ni NW, trading improved durability for reduced initial catalytic 
activity [169]. Later, more vigorous post-treatment optimization was conducted where firstly 
hydrogen annealing was employed  to improve the PtNi alloying and thus increase the 
catalytic activity of the PtNi NWs further [170]. Secondly, acid leaching (followed by another 
oxidative annealing process) was conducted on the catalysts prior to MEA fabrication with 
the result of further durability enhancements.  
Since this work, focus shifted towards the optimization of MEAs containing the PtNi NWs. 
The PtNi NWs which underwent just hydrogen annealing exhibited a minimal catalytic activity 
in the MEA test and hence an ion exchange step was necessary by soaking the MEA in 
sulphuric acid [142]. Other improvements were made by reducing the ionomer content in the 
CL and pre-leaching the PtNi NW catalysts prior to MEA fabrication—which was also shown 
to be more effective in comparison to the ion exchange procedure where some Ni remained 
dispersed in the Nafion® ionomer as “atomic or ionic clusters” [190]. Through analysis of the 
rate limiting currents, it was shown that these procedures worked by mitigating Ni 
contamination of the ionomer and polymer electrolyte membrane where ion exchange with 
protons resulted in an increased oxygen transport resistance via dehydration of the polymer 
matrices.  
This collection of works is one of the most thorough investigations illustrating why there is a 
significant disparity between the ORR catalytic activity and performance of novel PtM 
catalysts in the RDE measurement and MEA test environment [23]. In this chapter, an 
alternative catalyst system is presented whereby the PtNi NW/C synthesis methodology 
presented in Chapter 4 is adapted for the simple and scalable fabrication of the PtNi NW 
array GDEs. An emphasis on the optimisation of MEA performance is provided in this study 
where acid leaching is shown to be crucial for the removal of surface Ni as well as Ni 
particles deposited throughout the entire GDE. The annealing temperature is further refined 
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along with the PtNi precursor ratio and ionomer content. With all optimisations considered, 
modest improvements in PEMFC performance are shown for the PtNi NW array GDEs in 
comparison to the pure Pt NW array GDEs. Ex-situ GDE testing is also employed to 
demonstrate the inherent ORR catalytic performance of the GDEs with significant 
improvements observed for the PtNi NW GDE. This work therefore provides some 
explanation as to the RDE/MEA disparity as well as proposing some mitigation strategies. 
5.2. Morphology, composition and Ni distribution in PtNi NW array 
electrodes 
Pt NW GDEs were fabricated and Ni was subsequently deposited onto the surface by 
reducing Ni precursor with NaBH4. To fabricate the Pt NW array GDEs, the formic acid 
reduction approach was run at 40°C as per optimizations conducted in our group [32]. While 
the reduction reaction does occur in the absence of any substrate at room temperature to 
produce 1D Pt clusters [105], homo-nucleation - whereby the initial Pt seed is formed – tends 
to have a higher activation energy barrier in comparison to heteronucleation [106]. Therefore 
in the presence of a gas diffusion layer (GDL) substrate, where the rough surface provides 
nucleation sites, clusters of Pt NWs tend to form on the GDL surface much like the clusters 
shown in Chapter 4 and the literature [179]. In addition, greater surface tension on the GDL 
surface prompted by its hydrophobicity leads to a better contact between the aqueous 
reaction solution with the edges of the GDL piece compared to the centre area. A higher 
reaction temperature therefore has the effect of providing a more even distribution of Pt NWs 
on the GDL surface. Too high however, and the homo-nucleation becomes more prominent 
and nanoparticles form in the solution instead of NWs on the GDL surface. Using fuel cell 
performance as a metric, 40°C was previously found to be the optimal reaction temperature 
and so this was adopted here. 
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SEM analysis was used to image the surface of the Pt NW GDE. The images show that even 
at 40°C, Pt agglomerates tend to form on the GDL surface (Figure 5.1a–b). It has been 
shown that distribution could be improved through active screen plasma (ASP) nitriding of 
the GDL surface prior to the Pt NW growth on the surface. However, this was not adopted in 
this work due to the increase in complexity [35]. EDX line scan is conducted on the GDE and 
the result is shown in Figure 5.1c where the Pt density in the clusters appears to be 
approximately 2–3 times higher in comparison to the rest of the area.  
 
Figure 5.1: (a)–(b) SEM images of the Pt NW GDE surface and (c) EDX line scan map 
showing the Pt distribution in agglomerate regions as well as the bulk GDE surface and 
cracks in the GDE. 
After Ni deposition, three different annealing temperatures were investigated in a narrower 
range compared to the previous study (Chapter 4) with values of 150, 200 and 250°C 
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followed by an acid leaching step. SEM-EDX analysis was conducted on the surface of these 
GDEs, and the maps indicate that Ni density is slightly larger in the Pt agglomerates (Figure 
5.2a–c). This is not as visible for the GDE prior to acid leaching (Figure 5.2d) thus indicating 
that post thermal treatment, Ni deposited on the Pt agglomerates is better protected from the 
leaching.  
 
Figure 5.2: SEM images (left), Pt (middle) and Ni (right) EDX maps of the surface of (a) PtNi 
NW (150°C, AL), (b) PtNi NW (200°C, AL), (c) PtNi NW (250°C, AL) and (d) PtNi NW 
(200°C) GDEs.     
To examine the distribution of Ni in the CL after the impregnation step, cross-sectional SEM-
EDX mapping of the PtNi NW GDE annealed at 200°C was conducted. Sigracet 39 BC GDL 
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comprises of a mesoporous carbon layer (MPL) coated onto a fibrous carbon paper backing, 
both of which treated with polytetrafluoroethylene (PTFE) to ensure hydrophobicity [191]. The 
cross-sectional EDX maps (Figure 5.3a-b) indicate that most of the Ni deposited at the 
interface of the carbon paper backing layer and the MPL. In the Ni impregnation procedure, 
the Pt NW GDE was firstly wetted to ensure that NiCl2.6H2O solution coats evenly on the 
GDE surface prior to reduction. The SEM-EDX map indicates that the super hydrophobicity 
of the fibrous backing layer in comparison to the MPL keeps the NiCl2.6H2O solution from 
soaking into its pores. Therefore, during the impregnation step, much of the reduced Ni is 
away from the Pt NWs. This is exacerbated by the fact that the reduction by NaBH4 is so 
quick that Ni is reduced on location with only a slight preference for the Pt surface. The 
subsequent acid leaching procedure is shown by the EDX map to be effective in removing 
the Ni at the backing layer/MPL interface leaving consistently low counts among the entire 
GDE with a slight increase visible at the CL surface (Figure 5.3c). This is later shown to have 




Figure 5.3: (a) Cross sectional SEM image of the PtNi NW GDE (200°C) and Ni EDX maps 
of (b) PtNi NW (200°C) and (c) PtNi NW (200°C, AL) GDEs. 
To examine the fine structure of the synthesised NWs, high resolution SEM (HR-SEM) was 
firstly conducted on the PtNi NW (200 °C) and PtNi NW (200 °C, AL) GDEs. Both images 
(Figure 5.4a–b) show the cubic morphology of Pt NW agglomerates with a ‘spikey’ nature 
much like that shown for the NWs on carbon black. This appears to remain unchanged after 





Figure 5.4: HR-SEM images of (a) PtNi NW (200°C) and (b) PtNi NW (200°C, AL) GDEs. 
TEM analysis of the Pt NW GDEs has been extensively reported before [32,35] and so 
analysis was just conducted on the annealed and acid leached PtNi GDEs to monitor the 
changes in NW size and lattice spacing. In the previous study (Chapter 4 and [179]), the NW 
growth on Vulcan XC-72R was shown to produce cubic agglomerates with an average size 
of 121 nm on the diagonal. Primarily due to higher the reaction temperature and a rougher 
carbon with the MPL than the pristine Vulcan XC-72R [56], NW distribution was found to be 
much improved on the GDL surface as indicated by the agglomerate distribution profile 
(Figure 5.5),  where there was only one instance of an agglomerate larger than 100 nm. 
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Figure 5.5: (a) TEM image of the top scrapings of the PtNi NW (200°C, AL) GDE and (b) the 
corresponding agglomerate size distribution. 
Representative catalyst TEM images of the PtNi NW GDEs annealed at different 
temperatures and acid leached are shown in Figure 5.6a–d. As with the Pt NW/C catalysts, 
many nanoparticles and short NWs formed, indicating the anisotropic growth as expected by 
the formic acid reduction method. Accurate sizing of the NWs is difficult due to the 
agglomeration, however, lengths were measured to range up to around 25 nm which is 
consistent with previous analysis of Pt NW GDEs fabricated at 40°C [32]. The average 
diameter of the various NWs are nearly the same and within the standard deviation of each. 
A total average NW diameter of ≈3.9 nm was measured, slightly higher than the Pt NW/C 
samples (≈3.5 nm) presumably due to the elevated reaction temperature encouraging less 
anisotropic growth. Importantly the unchanged diameter with the annealing temperature and 
acid leaching indicates that these NWs have a stable morphology in the temperature range 
tested. For Pt NW/C it was shown that sintering begins as low as 150°C, but can be 
stabilised by the inclusion of Ni. The fact that these NW samples are stable is a clear 
indication of the successful incorporation of Ni into the fine Pt NW structure. The NWs remain 
stable after acid leaching and do not form a nanoporous structure as the diameter is well 
below the 15 nm critical NP radius found by Snyder et al. for the formation of nanoporous 
PtNi NPs [93]. The lattice fridge images indicate a spacing distance of around 0.22 nm along 
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the NW (Figure 5.6e), confirming anisotropic growth in the <111> direction. Differences 
between the catalysts are within the standard deviation of all sites measured (Figure 5.6f).  
 
Figure 5.6: HR-TEM images showing NW agglomerate structure for (a) PtNi NW (150°C, 
AL), (b) PtNi NW (200°C, AL), (c) PtNi NW (250°C, AL) and (d) PtNi NW (200°C) CL 
scrapings. (e) PtNi NW (150°C) and (f) average lattice spacing with standard deviation given 
as the error. 
To ascertain whether the Ni was successfully impregnated and annealed into the NW CL, 
and whether the Pt in the wire protected Ni from leaching out, STEM-EDX analysis was 
conducted on PtNi NW (200°C, AL). Figure 5.7a shows the HAADF image of a PtNi NW as 
well as the EDX maps of Pt and Ni. These images categorically show that Ni is successfully 
incorporated into the Pt NWs in a manner that is stable enough to resist the acid leaching 
procedure in 0.1 M HNO3 (room temperature, 24 hrs). The STEM-EDX maps also indicate 
that neither a Pt@Ni nor Ni@Pt core-shell structure can be concluded but rather the NWs 
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more likely consists of an alloy where Ni is incorporated into the lattice structure. Figure 5.7b 
indicates that the impregnation of Ni into the Pt NWs is consistent throughout the catalyst 
structure, but also some individual Ni nanoparticles remain. 
 
Figure 5.7: STEM-EDX mapping of PtNi NW (200°C, AL) with (left) HAADF, (middle) Pt EDX 
map and (right) Ni EDX map for (a) an individual wire and (b) the agglomerate structure. 
ICP-MS was used in favour of STEM-EDX to obtain accurate PtxNi ratios in the GDEs when 
different annealing temperatures are used (for the precursor ratio of Pt3Ni4). This was 
conducted both before and after the acid leaching step so as to quantify the amount of the Ni 
protected by the Pt coverage. In addition, ICP-MS was conducted on the CL (only) of all 
GDEs to give a further description of the distribution of Ni after the reduction step. Figure 5.8 
shows the obtained PtxNi ratios where an average value of 1.11 ± 0.20 was obtained prior to 
the acid leaching. Assuming 100% Pt is reduced and grown on the GDL surface, this 
equates to a yield of 67% for the reduction of Ni in the GDE whereas the remainder was 
reduced in the solution and immediately washed away. After acid leaching, an average PtxNi 
ratio of 4.55 ± 0.76 was found indicating that during acid leaching, 76% of the Ni was 
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removed. The analysis was conducted on the CL of the identical GDEs before and after acid 
leaching where average PtxNi ratios of 4.59 ± 0.49 and 4.34 ± 0.69 were measured, 
respectively. Within error, the PtNi composition of the CL before and after acid leaching is 
nearly the same as the entire GDE after acid leaching. Alongside the cross sectional SEM-
EDX mapping (Figure 5.3) clear indications are that the acid leaching removes the Ni that is 
present in the interface of the backing layer/MPL whereas Ni present in the CL is protected. 
This protection occurs from the annealing procedure where surface segregation results in 
surface Pt, highly resistant to dissolution by the HNO3 and thus protecting the alloyed Ni 
atoms. A further investigation into the optimal acid, concentration and temperature would be 
of interest although the milder conditions of the dilute HNO3 used here have been successful 
in removing the Ni species that do not contribute to increased ORR activity [170].  
 
Figure 5.8: ICP-MS of Pt3Ni4 NW GDEs and CL with and without acid leaching (AL) after 
annealing at 150, 200 and 250°C for 24 hrs. 
In addition, ICP-MS allowed for the determination of the catalyst loading where across all 
GDEs an average loading of 0.312 mgPt cm-2 with a standard deviation of 0.026 mgPt cm-2 
was measured. As with Chapter 4 and later Chapter 6, thermogravimetric analysis (TGA) 
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was also used to obtain catalyst loadings. However, instabilities with the equipment provided 
highly variable results with the same Pt NW GDE. Therefore, for this study the loadings 
determined using ICP-MS analysis were used for ECSA and mass activity calculations in the 
electrochemical tests. 
5.3. Degree of alloying in PtNi NW GDEs 
As with the PtNi NW/C catalysts, X-ray diffraction (XRD) was conducted to assess Pt lattice 
contraction by the alloying with Ni and hence evaluate the effect of annealing temperature on 
the degree of alloying. Figure 5.9a shows the full XRD spectra of the GDE materials before 
acid leaching. Because of the low Pt loadings on the GDEs, the intensity of the Pt peaks is 
low but they can still be indexed accordingly (JCPDS-04-0802). The intensity is higher for the 
NW GDEs in comparison to the Pt/C nanoparticle GDE, indicating a high degree of 
crystallinity. The intense peak at 26.6° is the (002) plane for the graphitic carbon in the GDL 
[192]. A focus on the Pt(111) peak for the PtNi NW GDEs (Figure 5.9b) shows a positive 
peak shift with an increase in the annealing temperature similar to Chapter 4 and the 
literature [179]. Here a shift of +0.08° was observed between the PtNi NW GDE and that 
annealed at 250°C, indicative of the smaller lattice constants and hence lattice contraction 
induced by the surface segregation of Pt and the alloying of smaller Ni atoms. As with the 
PtNi NW/C GDEs, the lattice contraction is smaller here compared to other reported values 
because of the comparatively low annealing temperature required to maintain NW 
morphology [61,95,172]. The lower annealing temperature limits the ability of the Ni to alloy 
with the bulk Pt and reside predominantly at the surface (further confirmed through XPS 
analysis below). In addition, the lower Ni content in the PtNi NW GDEs compared to the PtNi 





Figure 5.9: XRD patterns of the GDEs (a) before acid leaching (solid) and (b) magnification 
showing the shift after annealing, including GDEs after acid leaching (dotted). 
XPS was used to evaluate the nature of Pt and Ni elements in the GDEs. The survey spectra 
(Figure 5.10) appear very similar for all GDEs with one exception, at 1072 eV, those GDEs 
with Ni impregnated but not acid leached show a peak for Na1s. This originates from NaBH4 
used in the initial impregnation and so indications are that this is not washed out post-
impregnation with H2O or IPA. Through quantification of the survey spectra, the average 
NaxPt ratio was found to be 0.56 before acid leaching and 0.09 afterwards, indicating nearly 
complete removal. However, prior to acid leaching Na would undoubtedly have an adverse 




Figure 5.10: Survey XPS spectra of the Pt NW and PtNi NW GDEs annealed at various 
temperatures. GDEs that underwent acid leaching are labelled (AL). 
The Pt 4f spectra for all samples are shown in Figure 5.11 where all were fitted with peaks 
for Pt in the 7/2 and 5/2 couplet spin states as well as Ni 3p peaks in the PtNi NW GDEs. All 
Pt 4f spectra (a–i) are similar where differences in intensity are thought to be caused by 
difference spot locations. For the PtNi NW GDEs, the Ni 3p peak size shows two trends. 
Firstly, as with the PtNi NW/C system in Chapter 4, the Ni 3p peak size decreases with the 
increase of the annealing temperature indicating surface segregation into the NWs. 
Secondly, the peaks increase after the acid leaching process. Alia et al. commented that 
when forming a Ni oxide layer in their PtNi NW system, XPS indicated surface segregation of 
the Ni oxide where under certain conditions (300°C annealing) very little Pt was present on 
the surface [169]. Therefore, when considering the surface sensitivity of XPS, it is reasonable 
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to conclude the oxidation of the Ni by the acid induces the segregation of Ni in the PtNi alloy 
back to the surface layers. 
 
Figure 5.11: Pt 4f XPS spectra for (a) Pt NW, (b) PtNi NW, (c) PtNi NW (AL), (d) PtNi NW 
(150 °C), (e) PtNi NW (150°C, AL), (f) PtNi NW (200°C), (g) PtNi NW (200°C, AL), (h) PtNi 
NW (250°C) and (i) PtNi NW (250°C, AL) GDEs. 
Oxidation of Ni in the PtNi NWs is further confirmed in the Ni 2p XPS spectra, where after 
fitting the 3/2 spin couplet the ratio of Ni/Ni oxides tends to decrease after acid leaching 
(Figure 5.12). This suggests that while the original Ni oxides are being removed, the 
subsurface Ni is being oxidised by the acid as they segregate back to the surface. In fact, at 
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the low annealing temperatures very little metallic Ni was observed indicating minimal 
protection to the acid as well as potentially a relative high proportion of Ni in the outermost 
surface layers. As in Chapter 4, there is a high proportion of metallic Ni/Ni oxides ratio at the 
high annealing temperature indicative of greater reduction by the H2 during the annealing 
process and potentially greater surface segregation (of Pt to the surface). 
  
 
Figure 5.12: Ni 2p XPS spectra for (a) Pt NW, (b) PtNi NW, (c) PtNi NW (AL), (d) PtNi NW 
(150°C), (e) PtNi NW (150°C, AL), (f) PtNi NW (200°C), (g) PtNi NW (200°C, AL), (h) PtNi 
NW (250°C) and (i) PtNi NW (250°C, AL) GDEs. 
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5.4. Performance and optimisation of PtNi NW array GDEs. 
5.4.1. Requirement of acid leaching 
In Chapter 4, the PEMFC single cell performance of the PtNi NW/C catalysts was worse than 
the Pt NW/C catalysts as a result of ionomer contamination. Therefore, an acid leaching step 
post annealing was employed to remove surface Ni and individual Ni nanoparticles deposited 
in the GDE. Crucially, this leaching step was conducted on the GDEs before MEA fabrication 
thereby avoiding the entrapment of Ni clusters in the ionomer [190]. The polarisation 
performance of the PtNi NW GDE (200°C) was found to be similar to that of the PtNi NW/C 
catalysts where mass transport limitations result in a reduced performance at the high 
current density region (Figure 5.13a). The acid leaching step much improved the MEA 
performance whereby exposed Ni, not protected by the Pt surface layers was removed, 
which mitigated contamination of the ionomer and membrane. 
The large mass transport loop on the Nyquist plot obtained at 0.5 V (Figure 5.13d) and the 
sudden drop in performance for PtNi NW (200°C) array MEA (Figure 5.13a) demonstrates 
large mass transport losses for this GDE. This can be attributed to ionomer contamination 
and hence a reduction in O2 permeability. However, a significant difference for both GDEs is 
that the internal resistance was reduced during the acid leaching step, as shown in all three 
Nyquist plots (Figure 5.13b–d). A big contributor to the internal resistance is the proton 
conductivity of the Nafion® proton exchange membrane (PEM) [16]. Mauger et al. reported 
larger high frequency resistances (HFR) for those PtNi NW samples that did not undergo ion 
exchange in comparison to those that did, and likened the result to the blocking of sulphuric 
acid groups in the PEM [142]. By having a greater affinity to these groups, i.e. Ni2+ than 
protons, the PEM ionic conductivity is reduced [193]. 
Of note however is a slightly higher open circuit potential (OCP) and smaller charge transfer 
resistance for the MEA with the PtNi NW array (200°C) GDE compared to that of the acid 
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leached sample, indicating that acid leaching reduces the ORR catalytic activity of the PtNi 
NW arrays. This was also confirmed by the specific activities for the prepared and acid 
leached GDEs, which were 549 and 326 μA cmPt-2, respectively, measured under DoE O2 
testing conditions [97]. Although limited, acid leaching would have removed some of the Ni 
alloying in the NWs and thus the beneficial effects of lattice contraction would have also been 
reduced. In particular, Jia et al. experimentally verified that if the PtMx ratio is higher than 
optimal, and thus the Pt-O bond is too weak, then dissolution of metal ‘x' would actually result 
in an increase in the ORR catalytic activity through a strengthening of the bond [24]. 
However, if the initial Ni content is lower than the optimal then any dissolution would result in 
a decreased ORR activity. For the PtNi NW arrays presented here it appears that the catalyst 
resides on the strong leg of the activity vs Pt-O bond strength volcano plot. 
 
Figure 5.13: (a) Polarisation curves and EIS conducted at (b) 30 mA cm-2, (c) 0.65 V and (d) 
0.5 V for MEAs with the cathodes of PtNi NW (200°C) and PtNi NW (200°C, AL) GDEs. 
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5.4.2. Optimisations – Ni content, temperature and ionomer content 
Throughout this chapter the precursor ratio of Pt3Ni4 was investigated because during 
optimisation it was found that this gave the best single cell performance (Figure 5.14a). Any 
catalytic enhancements to the Pt NWs must firstly overcome the negative effect of ionomer 
Ni contamination, to give an overall improvement in PEMFC performance. While an increase 
in the Ni content can achieve higher activities, if too much is added, then ionomer 
contamination would be too detrimental to the overall performance as per Section 5.4.1 
(Figure 5.14a). The annealing temperature was also investigated further in order to expand 
and refine on the work shown in Chapter 4. The optimum performance for these PtNi NW 
array GDEs was found at the annealing temperature of 200°C because of a higher degree of 
alloying compared to 150°C and less morphological change compared to 250°C (Figure 
5.14b). Finally, the amount of ionomer required for the PtNi NW array GDE was also 
optimised where a reduced loading of 0.4 mgNaf cm-2 was found to provide the best 
performance (Figure 5.14c). With too little (0.2 mgNaf cm-2), the ECSA of the GDE was 
reduced by around 37%. While high ionomer contents are required for the Pt NW GDEs 
[163], reduced amounts were found to be optimal for the PtNi NW GDEs because of the 
higher O2 permeation resistance due to contamination, and the increased hydrophilicity of the 




Figure 5.14: Polarisation curves showing the optimisation of the PtNi NW GDEs based on 
the (a) precursor content, (b) annealing temperature and (c) ionomer content. 
5.4.3. Performance of optimised PtNi NW array compared to Pt NW array and Pt/C 
GDEs 
The polarisation and power density curves for Pt/C, Pt NW array and the optimum PtNi NW 
array (Pt(3)Ni(4) precursor ratio, 200°C annealing temperature, acid leached and 0.4 mgNaf cm-
2, herein denoted as PtNi NW array*) GDEs are shown in Figure 5.15a. A clear performance 
trend of PtNi NW array* > Pt NW array > Pt/C can be seen with power densities at 0.6 V of 
0.541, 0.504 and 0.442 W cm-2, respectively. Fuel cell performance is highly dependent on 
the available effective catalyst surface area and so the Hdes region of CVs run on the 
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cathodes was used for quantification [147]. Figure 5.15b shows the recorded CVs where the 
absolute Pt surface area is quoted in the legend. Assuming 0.312 mgPt cm-2 for each NW 
GDE based off the ICP-MS data, ECSAs of 40.1 m2 gPt-1, (Pt/C  with a loading of 0.4 mgPt cm-
2), 21.8 m2 gPt-1 (Pt NW arrays) and 16.7 m2 gPt-1 (PtNi NW arrays) were obtained. The lower 
ECSAs for Pt NW arrays is due to the 1D morphology whereby the surface to bulk ratio is 
reduced, and is expected based on previous studies on this catalyst system [35]. More 
importantly the PtNi NWs showed a slightly reduced surface area to Pt compared to the Pt 
NW arrays, and so the minor improvement in fuel cell performance can only be ascribed to 
the contribution of the alloyed Ni. 
To elucidate the performance enhancement, electrochemical impedance spectroscopy (EIS) 
analysis was conducted in the low, medium and high current density regimes with Nyquist 
plots shown in Figures 5.16. All GDEs exhibited a near identical HFR indicative of the similar 
proton conductivity of the PEM and negligible blockage of sulphuric acid groups for the PtNi 
NW array GDE. In the low current density region (Figure 5.16a) MEAs from the Pt NW arrays 
and Pt/C nanoparticles exhibited very similar Nyquist plots with near identical charge transfer 
resistances. One difference is a reduced slope for the Pt NW array GDE compared to Pt/C 
nanoparticle GDE in the mid-high frequency range. This can be potentially indicative of a 
higher ionic resistivity in the Pt NW array CL (cf. Pt/C), as a result of sub-optimal ionomer-
NW contact [163,195]. The PtNi NW GDE, however, shows a similar trend to the Pt/C GDE 
in this region which could suggest improved contact between the NWs and ionomer because 
of the increased hydrophilicity of the PtNi NW surface [158]. More distinctly is a smaller 
charge transport resistance for the PtNi NW array GDE confirming the improved ORR 




Figure 5.15: (a) Polarisation and power density curves and (b) CVs for the Pt/C, Pt NW 
array and PtNi NW array* GDEs. Number in the legend of (b) indicates the absolute Pt 
surface area. 
At large currents (low voltage 0.65 and 0.5 V), the charge transfer resistances for the MEAs 
with the Pt and PtNi NW array GDEs are both equally smaller than that of the Pt/C GDE. An 
explanation is proposed: While the half-cell rotating disk electrode measurement is frequently 
used to quantify the ORR activities, it is limited to this quantification near OCP where there 
are very few mass transport limitations [167]. Zalitis et al. developed a ‘floating electrode’ 
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technique, which allows the measurement of kinetic performance at higher overpotential by 
providing an ideal mass transport environment [196]. In so doing, modifications to the 
“double-trap model” were proposed to include the effect of adsorbed peroxide intermediates 
at higher over-potentials [197]. This work helps to confirm the proposed switching of a 
dissociative ORR mechanism to an associative one [40]. Therefore, different catalyst 
materials will have different kinetic ORR activities at different cell potentials. As such, the 
charge transfer resistance loops here suggest that while the PtNi NW shows slightly 
enhanced ORR performance at the high cell potential, at the low potential the difference is 
negligible.    
 
Figure 5.16: EIS conducted on the Pt/C, Pt NW array and PtNi NW array* GDEs at (a) 30 
mA cm-2, (b) 0.65 V and (c) 0.5 V.  
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To minimise the influence of mass transfer losses in the MEA test and focus on the ORR 
catalytic activity in the near OCP region, polarisation curves were run in O2 under standard 
DoE testing protocol. These were corrected for internal resistances and hydrogen crossover 
and presented as a Tafel plot in Figure 5.17. Both MEAs with the NW GDEs exhibited lower 
OCPs in comparison to that of Pt/C as a result of their lower Pt surface area and as such the 
mass activity at 0.9 V increased modestly from 0.060 A mgPt-1 for Pt/C to 0.062 and 0.070 A 
mgPt-1 for Pt NW arrays and PtNi NW arrays*, respectively. Specific activities of 326, 285 and 
150 μA cmPt-2 at 0.9 V were also obtained to give the respective ORR kinetic performance of 
PtNi NW arrays* > Pt NW arrays > Pt/C. The enhanced specific activity is due to the 
preferential exposure of active facets for the NW catalysts [198] and with Ni, the addition of 
lattice strain effects [22]. Reduced Tafel slopes of 44 mV dec-1 (Pt NW array) and 38 mV dec-
1 (PtNi NW array) were found for the NW array GDEs in comparison to the Pt/C GDE which 
has a Tafel slope of 69 mV dec-1. The reduced Tafel slope for these GDEs with low Pt 
loadings here indicates a positive contribution from NW array CL structure [32,147,199]. 
Coinciding with RCT from the EIS in Figure 5.16, the PtNi NW array* GDE exhibited a larger 
Tafel slope (96.4 mV dec-1) in the low potential region to the Pt NW array GDE (81 mV dec-1). 
While the difference is small, evidence is of different kinetic performance for these catalysts 




Figure 5.17: Tafel plot based on the corrected polarisation curves for the MEAs with the 
Pt/C, Pt NW array and PtNi NW array* GDEs using standard DoE testing protocol. 
5.4.4. Stability test of the Pt/C, Pt NW GDE and PtNi NW GDEs 
To evaluate the stability of the best performing PtNi NW array* GDE, AST was conducted 
whereby 3000 CV cycles were run under an N2 atmosphere in the potential range 0.6–1.2 V 
vs. RHE in comparison to both the Pt NW and Pt/C GDEs. The Pt/C GDE suffered an ECSA 
loss of 76% (Figure 5.18). The Pt NW array electrode on the other hand only suffered an 
ECSA loss of 51%, which is consistent with previous studies that show higher resistance of 
1D Pt nanostructures to the common degradation mechanisms of Ostwald ripening and Pt 
dissolution [108,200]. The PtNi NW array* GDE however incurred an ECSA loss of 60%, 
slightly higher than that of pure Pt NWs. This further indicates the decay of the ionomer 
because of the ion exchange resulting in reduced number of sites with proton accessibility, 
decreasing the triple phase boundary and ECSA [142]. Alternatively, Ni in the catalyst could 




Figure 5.18: Histogram showing the ECSA of the Pt/C, Pt NW array and PtNi NW array* 
GDEs before and after the AST. 
With regards to power performance, after AST the power densities at 0.6 V were 0.308, 
0.393 and 0.390 W cm-2 for the MEAs with the Pt/C, Pt NW array and PtNi NW array* GDEs, 
respectively (Figure 5.19), corresponding to losses of 30, 22 and 28%. For the PtNi NW 
array* GDE, one of the major contributing factors is the ECSA loss as demonstrated in 
Figure 5.18, and the ionomer contamination further negatively affected  the fuel cell 
performance. An additional performance loss can also be attributed to Ni leaching and hence 
activity loss, resulting in an almost overlapping polarisation curve as that of the Pt NW GDEs. 
Nevertheless, both NW array GDEs still show improved stability in comparison to the one 




Figure 5.19: Polarisation curves for the MEAs with the Pt/C, Pt NW array and PtNi NW 
array* GDEs before and after AST. 
5.5. Ex-situ GDE testing 
After all optimisations, the PtNi NW array* GDE demonstrated only moderately improved 
power performance in the fuel cell test as compared to the Pt NW GDE. The conclusion is 
that in the single cell, Ni is leached out of the PtNi NWs and contaminates the local ionomer 
thus increasing local O2 mass transport resistance and proton conductivity. To support this, 
ex-situ GDE measurements were run on the Pt NW array and PtNi NW array* GDEs where 
the ORR catalytic activity can be better evaluated.  
Two GDEs of the Pt NW and PtNi NW arrays (200°C, AL) were tested, with and without prior 
coating of Nafion® ionomer (0.6 mgNaf cm-2). Cleaning CVs and slower scan CVs were firstly 
conducted whereby the catalyst surface area was determined. Figure 5.20 shows the slow 
scan CVs from which the ECSA was calculated. Very small ECSA and double layer 
capacitive charging were found for those GDEs without ionomer (4.2 m2 gPt-1 for Pt NW 
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arrays and 5.5 m2 gPt-1 for PtNi NW arrays*), indicating that the hydrophobic GDL results in 
poor penetration of the liquid electrolyte and so most catalysts remain inactive. With ionomer 
larger ECSAs than in the MEA test were found with values of 26.8 and 29.0 m2 gPt-1 for the Pt 
NW and PtNi NW array GDEs, respectively. 
 
Figure 5.20: CVs of the Pt NW array and PtNi NW array* GDEs with/without ionomer 
coating. 
After this test the electrolyte was saturated with O2 and the OCP was monitored until it 
reached a plateau. Table 5.1 lists the OCP values for all GDEs. It can be seen that the OCP 
of each GDE was lower when ionomer is present, which can be ascribed to the lower O2 
solubility in the ionomer thin film as compared to that in the liquid electrolyte [201,202]. 
Nevertheless, the increased ECSA improves the catalytic performance as shown by the 
kinetic region of the linear sweep voltammograms (LSVs) (Figure 5.21). Table 5.1 lists the 
specific activities at 0.9 V vs. RHE. These activities are not comparable to most RDE data 
because here the GDE is used rather than the catalyst thin film and no rotation can be used 
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to minimize other influences. For the Pt NW arrays, the measured specific activity with and 
without ionomer are very similar; 19.0 and 19.9 μA cmPt-2 respectively. PtNi NW array* 
without ionomer showed a 3.10 fold increase in specific activity (61.7 μA cmPt-2) as compared 
to Pt NW arrays, clearly demonstrating enhanced catalytic activity of the ORR on the alloyed 
PtNi NW surface. However, the specific activity of PtNi NW array* with ionomer is 49.8 μA 
cmPt-2. While the enhancement for PtNi observed by ex-situ GDE the measurement is much 
larger than that exhibited in the MEA test, an unfavourable interaction between Ni and the 
ionomer layer is clearly reducing catalytic activity in addition to increased mass transport 





Figure 5.21: Corrected LSVs between 1.2–0.4 V vs. RHE for the Pt NW array and PtNi NW 
array* GDEs with/without ionomer coating at temperatures of 25 and 50°C. The kinetic region 
(1.1–0.7 V vs. RHE) is shown. 
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Mass activity (0.9 V vs. 
RHE) / mA mgPt
-1 
Specific activity (0.9 V 
vs. RHE) / μA cmPt
-2 
Pt NW array 4.2 1.044 0.832 19.9 
PtNi NW array* 5.5 1.062 3.39 61.7 
Pt NW array (0.6 mgNaf cm
-2) 26.8 1.029 5.08 19.0 
PtNi NW array* (0.6 mgNaf cm
-2) 29.0 1.056 14.4 49.8 
Pt NW array / 50°C 3.3 1.041 1.89 60.4 
PtNi NW array* / 50°C 2.4 1.030 3.97 162.1 
Pt NW array (0.6 mgNaf cm
-2) / 50°C 25.9 1.024 8.65 33.4 
PtNi NW array* (0.6 mgNaf cm
-2) / 50°C 31.3 1.039 13.9 44.5 
 
To understand this further, ex-situ GDE measurements were also performed at 50°C. Similar 
ECSAs were obtained at the higher temperature, but there were key changes observed to 
the LSVs in the kinetic region (Figure 5.21). The activities are listed in Table 5.1 and Figure 
5.22 shows the relative improvements in specific activity for each GDE at the elevated 
temperature. The Pt NW array GDE gained a 3.04-fold increase in specific activity whereas 
the PtNi NW array* GDE samples increased less (2.63-fold with respect to the activity at 
25°C). The reduced increase for PtNi is thought to be due to Ni leaching out of the NWs 
causing lattice relaxation of the NWs. However, this gap is more pronounced with an ionomer 
coating. Where the Pt NW array (+ ionomer) GDE gained a 1.76-fold increase in specific 
activity through the higher temperature, the PtNi NW array* (+ ionomer) showed a reduced 
activity as compared to that obtained at 25°C. Even though O2 permeability through the 
ionomer layer is a key factor in the high current density region of the polarisation curves, the 
region in which specific activity is acquired is often assumed to have negligible mass 
transport limitations. In this was the measured current corresponds to the activity inherent of 
the catalyst surface. These results suggest otherwise, where synergistic effects of Ni 
leaching and ionomer contamination result in a reduced activity of PtNi NW array* GDEs at 
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elevated temperature. Such phenomena can be used to explain the much reported disparity 
between the RDE measurement and MEA test (including that reported in Chapter 4), leading 
to the conclusion that either the alloyed component needs to be much more stabilised, or 
greater emphasis should be made on using these catalysts in ionomer free GDEs where at 
least the later contribution can be mitigated [203]. 
 
Figure 5.22: Relative increases in specific activity measured at 50°C with respect to 25°C for 
the GDEs (0.9 V vs. RHE). 
5.6. Conclusions 
The synthesis methodology of the PtNi NW/C catalysts in Chapter 4 was successfully 
adapted for the fabrication of the PtNi NW array GDEs. An optimal annealing temperature of 
200°C was established. Cross-sectional SEM and ICP-MS analyses show that using a wet 
chemical impregnation method, Ni deposits primarily at the carbon fibre/MPL interface. 
Significant reductions in the electrode performance observed can be ascribed to ionomer 
contamination and ion exchange in the PEM. Acid leaching partially mitigates these effects 
but low optimal ionomer content was still required for the PtNi NW array GDEs. With these 
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refinements the PtNi NW array GDE showed ×1.07 and ×1.22 power density of the Pt NW 
array and Pt/C GDEs, respectively. However, the AST showed that the catalytic activity 
enhancements of the PtNi NW array GDE cannot withstand extensive operation, and after 
3000 CV cycles similar power performance to the Pt NW array GDE was found. Attempts 
should be made to better elucidate and refine the Pt alloy structure of these NWs in future. 
The ex-situ GDE test demonstrated the much enhanced catalytic performance of the PtNi 
NW array* GDE as compared to the Pt NW array GDE. However, this catalytic enhancement 
is mainly exhibited at low measurement temperature where ionomer contamination from Ni is 
limited. In particular a reduction in performance was observed for the PtNi NW array* GDE at 
the higher temperature when ionomer is coated on the surface. This is concluded to be the 
primary cause of the disparity reported on the catalyst performance obtained from the RDE 
measurement and the MEA test in the literature, indicating that alloy stability is paramount for 















6. Gas diffusion electrodes from short Pt nanorods 
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Besides improving the catalyst metal composition to improve the power performance of 1D 
nanostructure array electrodes, in this chapter, nitrided carbon nanotube (N-CNT) arrays are 
introduced as a catalyst support for the in-situ growth of 1D Pt nanostructures to improve the 
distribution of the catalyst and performance of the GDEs. 
6.1. Introduction 
With regards to improving the oxygen reduction reaction (ORR) catalytic activity, methods 
are not limited to changing the metal composition or structure. Support-catalyst interactions 
mean that by changing the catalyst support, further enhancements in catalytic activity can be 
made in alternative supports to conventional carbon blacks [204]. While the search for 
alternative supports includes looking at non-carbonaceous supports such as metal-oxides to 
circumvent carbon corrosion issues at a high cell potential, a penalty in electron conductivity 
is often suffered [5,28,122].  
Lots of success has been made with alternative carbonaceous supports such as carbon 
nanotubes (CNTs) and graphene, which can improve both the catalytic activities and stability 
of the supported Pt catalysts through enhanced electrical conductivity and metal-support 
interactions [26,27,123]. A hindering factor with these supports is their inert pristine surfaces, 
which are difficult to deposit the metal catalyst on. Suitable anchoring sites can be provided 
through surface functionalisation such as the incorporation of surface organic groups [125], 
metallic seed particles [126,127] or heteroatom dopants [39,128]. In particular, the use of 
heteroatom doped carbon materials has been shown to increase the binding energy of 
precious metals to the support surface [130], changing d-band electronic structure of the 
supported metals and hence improving the catalytic activities [129]. Hetero-atom doping can 




While both graphene and CNT supports have shown improvements in catalyst ORR activity, 
the use of graphene in a working PEMFC suffers the issue of aggregation and stacking, 
hindering the effective transport of reactant gases [132,205]. CNTs have demonstrated good 
performance in working fuel cells. For example, Tang et al. sputter coated Pt nanoparticles 
onto CNTs fabricated directly on the carbon paper by thermal chemical vapour deposition 
(CVD) and achieved a maximum power density of 595 mW cm-2 with a Pt loading of 0.04 
mgPt cm-2 (under O2 gas) [134]. Promising PEMFC performance was also reported for 
electrodes with Pt supported on CNT arrays, which were fabricated by CVD on quartz or Al 
substrates and transferred onto the Nafion® membrane during membrane electrode 
assembly (MEA) fabrication [135,136]. Performance enhancement in these works was more 
pronounced at the high current density region and was attributed to effective gas and proton 
transportation throughout the ordered CNTs alongside improved water management 
characteristics as a direct result of the CNTs hydrophobic properties. 
Inspired by these works as well as the improvement in the catalyst activities and PEMFC 
performance of the Pt NW electrodes, there is clear incentive for the development of GDEs 
composed of Pt NWs supported on hetero-atom functionalised CNTs in a simple and 
scalable way. To meet this end, this work demonstrates GDEs from short Pt nanorods in-situ 
grown on nitrogen doped CNT (N-CNT) arrays. CNT arrays were grown directly on the GDL 
surface using plasma enhanced CVD (PECVD). Nitriding was achieved using active surface 
screen plasma (ASP) treatment. The formic acid reduction approach was then used to grow 
short Pt nanorods onto the N-CNTs. The performance was then evaluated by single cell test 
showing much enhanced mass transport characteristics in comparison to conventional Pt/C 
and the Pt NW GDEs presented in Chapter 5. 
139 
 
6.2. Pt/N-CNT GDE catalyst layer (CL) structure  
SEM was used to examine the GDL surface before and after the growth of CNTs (Figure 6. 
1). Figure 6.1a shows the surface of the untreated Sigracet 39BC GDL, which having a 
mesoporous layer (MPL) contained carbon nano-spheres of diameter 30–50 nm in 
aggregates of 100-500 nm. Part of this aggregation is attributable to the 5% poly 
tetrafluoroethylene (PTFE) coated in the MPL to prevent water flooding during fuel cell 
operation. After CNT growth and nitriding, Figure 6.1b shows a thin porous layer on-top of 
the GDL. While the ordering is not as vertically aligned as can be achieved by CVD on a 
planar substrate [135], the N-CNTs clearly protrude from the surface in a similar way to Pt 
NW arrays (Figure 6.1c) so we still describe it as N-CNT array in this chapter [32]. 
 
Figure 6.1: Surface SEM images of (a) 39 BC GDL and (b and c) N-CNT array GDL. (c) 
shows the cross-section SEM image of the N-CNT array GDL.   
Figure 6.2a and 6.2b show the top down and cross-sectional SEM images of the Pt/C GDE, 
respectively, showing a compact CL. A similar structure is seen with the NW GDE (Figure 
6.2c) where the ultrathin nature of the NWs shows no visible changes to the GDE 
morphology on a mesoporous scale.  
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Figure 6.2: (a) Surface and (b) cross sectional SEM images of the Pt/C nanoparticle GDE 
and (c) Pt NW GDE. 
To quantitatively analyse the porosity of the prepared GDEs, Hg porosimetry was conducted 
on the 39 BC GDL as well as the Pt/C, Pt NW array and Pt/N-CNT array GDEs. The pore 
size distribution data (Figure 6.3) indicates a similar meso-pore size distribution pattern for 
the 39 BC GDL, Pt/C and Pt NW array electrodes, but the Pt/N-CNT array GDE shows a 
higher fraction of larger macropores with a peak in the range 315–360 nm, as a result of the 




Figure 6.3: Pore size distribution of the 39 BC GDL, Pt/C, Pt NW array and Pt/N-CNT GDEs 
obtained by Hg porosimetry. 
After GDE fabrication, some of the Pt/N-CNT array CL was scraped off and imaged using 
high resolution transmission electron microscopy (HR-TEM). The entwined N-CNTs are 
hundreds of nm long, multi-walled and have an average diameter of around 10–20 nm 
(Figure 6.4a). This result is very similar to the CNT structure obtained by Shen et al. who 
used a PECVD technique with an Al foil substrate [136]. From Figures 6.4b and 6.4c, it can 
be seen that short Pt nanorods and NPs are grown on the surface of the N-CNTs. The good 
Pt dispersion is thought to have been aided by defects induced by the nitriding process, 
which provides the initial nucleation sites for the Pt seeds to form [107], as well as the high 
reaction temperature (i.e. 40 °C) employed, which has been shown to improve the NW 
dispersion on the GDL surface [32]. As a result of the highly dispersed Pt seeds, the short 
nanorods have lengths up to just 10 nm and ultrathin diameters of ca. 3–4 nm, in comparison 
to the typical long NW variants achieved at the low reaction temperature [109,179]. The 
smaller length agrees with work by Sui et al. where the prior introduction of Pt seeds before 
the NW growth produced more dispersed but shorter NWs [165]. Figure 6.4d shows a HR-
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TEM image of the Pt on N-CNT, and an inter-lattice spacing of 0.23 nm is observed as 
typical with the preferential growth of the NRs in the <111> direction. The ability to resolve 
this also indicates the highly crystalline nature of the formed Pt NRs. 
 
Figure 6.4: (a) TEM images of the N-CNTs supported on the GDL surface, (b,c) Pt/N-CNTs 
scraped off the GDE surface and (d) HR-TEM images of Pt nanorods demonstrating the 
inter-lattice spacing of single crystal Pt nanorods growing along the <111> direction. 
6.3. Pt/N-CNT GDE structure characterisation 
Thermal gravimetric analysis (TGA) analysis was utilised to determine the Pt loading of the 
Pt/N-CNT GDE. 1 cm2 GDE pieces were used and so the left-over mass corresponds to the 
Pt loading in mg cm-2. Figure 6.5 shows the TGA plots where the big drop in 300–850°C is 
caused by the combustion of the carbon GDL and CNT support. The drop occurred at a 
slower rate than the TGA plot of the PtNW/C GDE in Chapter 4 due to the use of the mixed 
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air and N2 gas flow. The remaining material was Pt and hence Pt loadings of 0.41 mgPt cm-2 
and 0.19 mgPt cm-2 were determined for the Pt/C and Pt/N-CNT GDEs, respectively. While a 
loading of 0.4 mgPt cm-2 was expected for the Pt/N-CNT GDE, the high CNT deposition 
temperature possibly resulted in the decomposing of the PTFE binder in the MPL thus 
making the structure loose, then some of CNTs with deposited catalysts might be washed 
away in the post cleaning process.  
 
Figure 6.5: TGA plot of the Pt/C and Pt/N-CNT GDEs in a 60 mL min-1 flow of air and N2 (2:1 
volume ratio) in the range 25–900°C. The heating rate was 10°C min-1. 
XRD patterns of the Pt/C, N-CNT GDL and Pt/N-CNT GDEs are shown in Figure 6. The 
amorphous carbon and complex composition of the GDL induced a large background noise, 
together with the low Pt loadings giving low intensities for the Pt peaks (Figure 6.6a). The 
peaks in the 2θ range of 12–25° and 26.6° result from amorphous carbon and graphitic 
carbon, respectively [192]. The Pt peaks presented are indexed to JCPDS-04-0802. The 
crystalline nature of the Pt/N-CNT was further confirmed by the XRD pattern of Pt grown on 
N-CNT arrays made on a Si substrate (Figure 6.6b) where a very strong peak intensity was 
recorded, further indicating the large influence of the substrate used. The XRD pattern of the 
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Pt/N-CNT GDE shows a higher intensity compared to the Pt/C GDE demonstrating a higher 
degree of crystallinity with the nanorods (cf. nanoparticles).  
    
 
Figure 6.6: XRD diffraction patterns of (a) the Pt/C, N-CNT/39BC and Pt/N-CNT GDL/GDEs 
and (b) Pt/N-CNT grown on Si wafer. 
To confirm the nitriding process and elements in the Pt/N-CNT catalysts, XPS was 
conducted on the GDEs and GDLs at various stages of the Pt/N-CNT GDE fabrication. The 
survey spectra are presented in Figure 6.7. It can be seen that with the process and the 
adding of materials, the F(KLL) and F(1s) peaks show a clear decrease (ca. 840 eV and 700 
eV, respectively). In the high resolution scan of the C1s region this is also accompanied with 
a low contribution of the CF3 and CF2 peaks of about 5 at. %, instead of 27-35 at. % with the 
39 BC and CNT/39BC GDLs (Figure 6.7). This suggests that the nitriding process degraded 




Figure 6.7: Survey XPS spectra for the Pt/C and the Pt/N-CNT GDE at various stages of the 
fabrication. 
The introduction of nitrogen into the CNT structure was confirmed by the high resolution scan 
of the N1s region where peaks were observed for the N-CNT/39BC, Pt/N-CNT and Pt/C 
catalysts (Figure 6.8). N1s peaks were fitted with characteristic peaks for pyrridinic (398.1 
eV), pyrrolic (399.4 eV), quaternary (400.8 eV) and pyridinic N-oxide (403.4 eV) [39,206]. 
Quaternary and pyrrolic N peaks are the largest contributors in the spectrum of N-
CNT/39BC. Pyridinic N with the addition of M-N peaks (397.2 eV) becomes more prominent 
after the growth of Pt onto the N-CNT surface. The increase in pyridinic N here suggests that 
while Pt deposition occurs on the hetero-atom dopants or defects induced by such dopants 
[207], the Pt growth also induces defects that promote further nucleation. Nanorod lengths 




     
Figure 6.8: N1s XPS spectra for (a) CNT/39BC, (b) N-CNT/39BC and (c) the Pt/N-CNT 
GDE. 
Figure 6.9 shows the Pt4f XPS spectra for the Pt/C and Pt/N-CNT GDEs. The intensity of the 
peaks for Pt/N-CNT GDE are much higher than that for Pt/C indicating that most of the Pt is 
present at the surface of the former GDE. This is consistent with the XPS of the Pt NW GDE 
in Chapter 5. Analysis indicates that Pt within Pt/N-CNTs is composed almost entirely of 
Pt(0) whereas Pt within Pt/C is composed of 56 at. % Pt(0), 34 at. % Pt(II) and 10 at. % 
Pt(IV). A small Pt(0) 7/2 peak shift of around 0.25 eV to lower binding energies is also 
observed for the Pt/N-CNT GDE which is similar to that of the Pt NW GDE in Chapter 5 and 




Figure 6.9: Pt4f XPS spectra of (a) Pt/C and (b) Pt/N-CNT GDEs. 
The C1s spectra for the Pt/N-CNT GDE is presented in Figure 6.10. While C1s spectra of 
graphene sheets typically shows sp2 or sp3 hybridisation, no such analysis was possible with 
the GDE due to the abundance of mesoporous carbon from the original 39 BC GDL. 
Therefore, the C1s scan was fitted with a single symmetrical peak at approximately 284.8 




Figure 6.10: C1s XPS spectrum of Pt/N-CNT GDE. 
6.4. Pt/N-CNT GDE single cell performance 
The catalytic performance of the Pt/N-CNT GDE in comparison to the Pt/C and Pt NW array 
GDEs was evaluated by an MEA test using a polarisation curve recorded according to the 
EU harmonised protocol to mirror the conditions expected in automotive applications [168]. 
The Pt/N-CNT GDE with the lower Pt loading is compared with the Pt/C GDE with 0.41 mgPt 
cm-2 and Pt NW array GDE with 0.312 mgPt cm-2. Figure 6.11a shows the polarisation and 
power density curves for the Pt/C, Pt NW array and Pt/N-CNT GDEs. At 0.6 V, the power 
densities recorded are 0.442, 0.504, and 0.544 W cm-2, respectively. Therefore, with around 
half of the Pt loading, the Pt/N-CNT GDE achieves a 1.23-fold increase in power output in 
comparison to the Pt/C GDE, and a 1.08-fold increase to the Pt NW array GDE. Figure 6.11b 
demonstrates this improvement further when the current is normalised to the Pt 
electrochemical effective surface area within the electrode, clearly showing the Pt/N-CNT 
GDE to be the superior one. Included in this figure are also Pt/C and Pt NW array GDEs with 
optimal loadings of 0.2 mgPt cm-2 to show that the performance enhancement from the Pt/N-
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CNT GDE is mainly contributable to reduced mass transport through increased CL meso-
porosity. 
 
Figure 6.11: (a) Polarisation and power density curves of the MEAs with the Pt/C, Pt NW 
array and Pt/N-CNT GDEs. (b) Normalised polarisation curve of the GDEs including Pt/C 
(TKK) and Pt NW array electrodes with a catalyst loading of 0.2 mgPt cm-2. The current is 
normalised to Pt surface area, which is quoted in the legend. 
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EIS was recorded to further analyse this claim and it was first conducted in the kinetic loss 
region of 30 mA cm-2. Figure 6.12a—the corresponding Nyquist plot—shows that the charge 
transfer and internal resistances for all GDEs were very similar. However, at high 
currents/low voltages (Figures 6.12b and 6.12c), the charge transfer losses follow the order 
of Pt/N-CNT < Pt NW array < Pt/C indicating improved ORR kinetics for the Pt NWs and 
further enhancement by using the N-CNTs. This improvement in kinetics is not as observable 
at high potentials because much of the potential drop is because of the lower open circuit 
potential (OCP) as a result of the smaller catalyst electrochemical surface area. At low 
frequencies the mass transfer losses for the Pt/N-CNT and Pt NW array GDEs are much 
reduced in comparison to the Pt/C GDE as a result of the thin and highly porous CL 
structure. This is because in the MEAs with the Pt/N-CNT and Pt NW array GDEs, the 
catalyst distribution is closer to the PEM (cf. the Pt/C GDE), hence the migration path for the 
protons is reduced and there is a smaller proton transport resistance. Secondly, the thinner 
CL and highly porous structure reduces the gaseous reactant transport losses and improve 





Figure 6.12: EIS of the MEA with the Pt/C, Pt NW array and Pt/N-CNT GDEs recorded at (a) 
30 mA cm-2, (b) 0.65 V and (c) 0.5 V. 
Additionally, the reduced impedance for the Pt/N-CNT GDE in comparison to the Pt NW 
array one cannot just be ascribed to the CL thickness but the clear difference in porosity 
afforded by the Pt/N-CNT CL. Porosity effects is an increasingly appreciated consideration 
for GDE development where, for example, Garsany et al. recently conducted a study on 
replacing Nafion® ionomer with a shorter side chain alternative, Aquivion [29]. The inability of 
the Aquivion to penetrate the micro-pores of the carbon support allowed these regions to 
retain their natural hydrophobicity. This aided in the effective removal of product water and 
hence the transportation of reactant gases. Additionally, with regards to micropores, it has 
been shown that Pt trapped too deep within the micro-pores of high surface area carbon 
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supports can even be inactive to the ORR due to a lack of proton accessibility [120]. The 
SEM analysis (Figure 6.1) indicates that the N-CNTs protrude from the GDL surface where 
minimal Pt are in the microporous regime but rather reside in mesopores and macropores – 
where Hg porosity measurements showed a larger pore size distribution - with good access 
to both protons and reactant gases. This is thought to be another primary source of the much 
improved PEMFC performance in comparison to both the Pt/C and Pt NW array GDEs.  
To measure the ECSA of each GDE, cathode CV scans were conducted in the MEA in the 
potential range 0.05–1.2 V vs. RHE at a scan rate of 20 mV s-1 (Figure 6.13) and the 
hydrogen desorption region was used to determine the charge transferred in the process. For 
the Pt/C electrode an ECSA of 40.1 m2 gPt-1 was obtained, and 21.8 and 21.9 m2 gPt-1 was 
found for the Pt NW array and for Pt/N-CNT GDEs, respectively. The lower ECSA of the 
NWs results from the 1D nanostructure of the Pt nanorod and NW which have a lower 
surface to bulk ratio, which agrees with data acquired in our group before [35]. 
 
Figure 6.13: CVs for the Pt/C, Pt NW array and Pt/N-CNT GDEs in the potential range 0.05–
1.2 V vs. RHE recorded at a scan rate of 20 mV s-1. 
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Specific and mass activities of the catalyst in the MEA were also obtained under US DoE test 
conditions and accounted for internal resistance and H2 crossover [184]. Figure 6.14 shows 
both the originally recorded and corrected polarisation curves from which the current 
densities at 0.9 V were taken for calculation. As is the same with the polarisation curves 
recorded under air, the lower ECSA and overall Pt loading, i.e. the lower absolute Pt 
electrochemical surface area results in an OCP order of Pt/N-CNT < Pt NW array < Pt/C. 
Despite this factor, the mass activities taken at 0.9 V were 0.065, 0.062 and 0.060 A mgPt-1 
for the Pt/N-CNT, Pt NW array and Pt/C GDEs, respectively. The specific activities were 
found to be 296.2, 284.86 and 129.31 μA cmPt-2 for the respective order of Pt/N-CNT > Pt 
NW array > Pt/C GDEs indicating the increased activity of the Pt/N-CNT catalyst in the 
electrode towards the ORR. The increase in activity can be attributed primarily to inherent 
improvements in ORR activity of the nanorods with a boost provided by a synergistic metal-
support interaction. An MEA with a cathode from the N-CNT/GDL without Pt was tested but 
no power performance was recorded, indicating that the enhanced power performance of the 




Figure 6.14: Original and corrected (H2 cross over and internal resistance) polarisation 
curves for the Pt/C, Pt NW array and Pt/N-CNT GDEs under O2 at DoE testing conditions. 
The Tafel plot (and one normalised to Pt ECSA) are shown in Figure 6.15. Above 0.2 A cm-2, 
the lower Tafel slopes indicates smaller potential losses for the Pt/N-CNT and Pt NW array 
electrodes compared to the Pt/C GDE (Figure 6.15a). While a slope transition at a low 
potential is attributable to a decrease in Pt oxide coverage [159,208], alternative Tafel slopes 
at a high potential indicate differences in the rate determining step for the ORR [13]. The 
evidence for this is confirmed by the Pt4f XPS spectra (Figure 6.9), which shows little to no 
oxide for the Pt NW and Pt/N-CNT GDEs unlike the Pt/C GDE. The CV spectrum also 
indicates that the 1D catalysts have a more positive redox potential for Pt oxide. Both 
suggest a reduced susceptibility to Pt oxide formation in contrast to Pt/C – possibly due to a 
different exposure of crystal facets - and so the rate determining step could have shifted 
away from the oxygen dissociation step. Alternatively, the lower Tafel slopes demonstrated 
for the Pt/C in the previous works on the thin-film CL with the RDE measurement and low Pt 
loadings indicate that aside from the catalyst composition, the CL structure may also play a 
considerable role in the ORR kinetics whereby mass transport effects cannot be fully omitted 
155 
 
[32,147,199]. Because of the large impact on PEMFC performance, this needs to be better 
understood with future research. The overall shift in Tafel plot between the Pt NW array and 
Pt/N-CNT GDEs can be attributed to the difference in surface area as demonstrated by Tafel 
plots normalised to Pt ECSA (Figure 6.15b). 
  
 
Figure 6.15: (a) Tafel plot and (b) Tafel plot normalised to Pt electrochemical surface area 
based on the kinetic region of the corrected polarisation curves in Figure 6.14. 
6.5. Accelerated stress test Pt/N-CNT GDEs  
CNT supports have been previously shown to have a higher resistance to carbon corrosion 
compared to mesoporous carbon [209]. In addition, 1D single crystal nanostructures have 
also been demonstrated to have better stability to AST in comparison to NP analogues 
because of enhanced surface properties [108,200]. The durability of the three GDEs were 
evaluated in this research using 3000 AST cycles in the potential range 0.6–1.2 V vs. RHE 
(N2 supplied at the cathode). The Pt/N-CNT GDE has a smaller surface area loss of 41% 
compared to 76% for the Pt/C GDE (Figure 6.16a). The Pt NW array GDE showed a loss of 
51% indicating that both the 1D morphology and N-CNT support indeed improve the stability 
of the catalyst to surface area loss. After the AST the power performance for the Pt/N-CNT 
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GDE is still higher than the Pt/C GDE with power density of 0.339 and 0.308 W cm-2 at 0.6 V, 
respectively (Figure 6.16b), corresponding to a power density decline of 38 and 30%, 
respectively. The higher decline for the Pt/N-CNT GDE in the power density in comparison to 
a smaller one in the ECSA loss is potentially due to electrode structure degradation as a 
result of different contact between Nafion® ionomer with the 1D structures in comparison to 
that with the NPs [200]. Additionally, the smaller initial ECSA and the logathrimic nature of 
the OCP on Pt surface area means that a smaller loss for the Pt/N-CNTs results in a larger 
drop in potential. The former suggestion is supported by virtue that the Pt NW array GDE 
only suffered a 24% drop in the power density with a final value of 0.383 W cm-2 post the 
AST (despite similar ECSAs the Pt loading and hence absolute Pt surface area is larger for 
the Pt NW array than for the Pt/N-CNT GDE). The combination of a larger absolute Pt 
surface area compared to the Pt/N-CNT GDE and increased stability compared to the Pt/C 
GDE endows the Pt NW GDE with the best durability in terms of performance. Even so, the 
Pt/N-CNT GDE post AST still performs the best at the high current densities as a result of the 
CL mesoporous structure. These results further stress the need to improve N-CNT anchoring 
to the GDL substrate whereby minimal material loss would lead to even higher fuel cell 
performances and perhaps better durability in comparison to the commercial Pt/C GDEs and 




Figure 6.16: (a) ECSAs and (b) polarisation curves for the GDEs before and after the AST. 
6.6. Conclusions 
High performance GDEs were demonstrated with the advances in both alternative carbon 
support and 1D Pt nanostructures through the development of a simple and scalable method 
of developing the Pt/N-CNT array GDEs. The direct deposition of the CNT arrays onto the 
GDL substrate afforded a unique porous and open structure onto which 1D Pt nanorods 
could be grown to form a thin CL. The ASP treatment to nitride the CNTs provided suitable 
anchoring sites for the successful growth of Pt nanorods and good distribution as confirmed 
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by TEM and XPS analyses. However, the anchoring of the CNTs to the GDL substrate needs 
to be much improved. Higher power performance was observed for the Pt/N-CNT GDE in 
single cell PEMFC test in comparison to both the Pt/C and Pt NW array GDEs. This 
improvement was ascribed to the beneficial support-catalyst interaction as per the Pt4f XPS 
peak shift, and reduced mass transport resistances via an increase in meso-porosity shown 
by Hg porosimetry measurements. The AST showed an increased stability of the Pt/N-CNT 
GDE as a result of the highly stable nanorods in comparison to NPs, but also an increase in 
Pt stability afforded by the N-CNT support. In relation to the overall thesis, this work there 
highlights the significance of CL structure on overall electrode performance and thus will be 
further summarised together with the NW composition changes as a method of improving 

























This thesis focuses on improving the performance of Pt-based 1D hybrid nanostructure array 
gas diffusion electrodes (GDEs) through two separate methodologies: Alloying of Pt with Ni 
to improve the catalytic activities of the catalysts, and the use of nitrogen doped carbon 
nanotubes (N-CNTs) as an alternative support to tune the morphology and distribution of 1D 
Pt nanostructures resulting in an advanced electrode structure. The morphology, structure 
and composition of the catalysts, together with their distribution and behaviour in the catalyst 
layer (CL) were investigated based on the catalytic performance using the half-cell 
measurement and membrane electrode assembly (MEA) test in proton exchange membrane 
fuel cells (PEMFCs).  
In Chapter 4, a method was developed for the fabrication Pt3Ni nanowires (NWs), utilising the 
formic acid reduction method so that the procedure could be easily translated to fabricate 
PtNi NW array GDEs. To maintain the NW morphology, the Pt NW/C catalysts were firstly 
synthesised (NWs with average diameter 3.40 nm formed in agglomerates measuring an 
average 120 nm on the diagonal) and Ni was then successfully incorporated into the 
structure by means of an impregnation-thermal annealing method. It was shown by a 
maximum 0.002 Å reduction in lattice constant calculated from XRD spectra, that while the 
high annealing temperatures induced a greater degree of alloying in the PtNi NWs, the 
ultrathin morphology of the NWs is highly susceptible to sintering at the temperature as low 
as 250°C. Without the capability to use the conventional high annealing temperature 
employed in the development of highly ordered PtNi NP catalysts, the degree of annealing 
and thus enhancements in catalytic activity were limited in the PtNi NW catalysts. A 
comparatively modest 1.78-fold increase in the mass activity vs. Pt NW/C was demonstrated 
by rotating disk electrode (RDE) measurement in 0.1 M HClO4 aqueous electrolyte. However, 
very poor power performance was recorded in the MEA test in single cells which was 
ascribed to ionomer contamination by surface Ni species of the PtNi/C catalysts resulting in 
exacerbated mass transport losses. 
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To reduce Ni contamination, an acid leaching step was thus employed to remove unalloyed 
and surface Ni from the PtNi NW catalysts during the adaptation to the PtNi NW array GDEs 
in Chapter 5. The power performance was much improved in the MEA test and a 1.07-fold 
increase in the power density vs. the Pt NW array GDE was recorded (0.541 and 0.504 W 
cm-2 respectively, at ECell = 0.6 V). However, a slightly worse stability was demonstrated for 
this GDE where ECSA loss was 60%, and after the accelerated stress testing (AST), the PtNi 
NW GDE showed only the same power performance to that of the Pt NW array GDE. Ex-situ 
GDE measurement was also performed in 0.1 M HClO4 aqueous electrolyte to understand 
the catalytic behaviour of the GDE. The results indicated that the PtNi NW array GDE 
showed much enhanced ORR activities (3.10-fold larger specific and 4.07-fold larger mass 
activity for PtNi in comparison to pure Pt NWs) under less aggressive conditions than in the 
PEMFC operation environment where Ni leaching and ionomer contamination were less 
prominent issues. Inclusion of ionomer and an elevation in the measurement temperature 
showed reduced benefits, and a reduced activity was recorded for the PtNi NW GDEs. The 
results suggested negative Ni/ionomer interactions as a leading cause, in agreement with 
previous work on the disparity between the catalyst performance of novel ORR catalysts 
recorded by the half-cell RDE measurement and MEA test. This work further demonstrates 
that if the Ni is better stabilised in the Pt NW array GDE then significant improvements in 
PEMFC performance are obtainable. 
In addition to the catalyst composition study, a further work on the alteration of the CL 
structure using N-CNT arrays as catalyst support for 1D Pt nanostructures showed greater 
improvements in the electrode power performance. Plasma enhanced chemical vapour 
deposition (PECVD) followed by active screen plasma treatment (ASP) were used to grow N-
CNT arrays on the surface of the gas diffusion layer (GDL). This was followed by use of the 
formic acid reduction method to grow 1D Pt nanostructures uniformly distributed on the N-
CNT surface. The 1D Pt nanostructures are short nanorods with a diameter of 3–4 nm and a 
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length in the range of 5–10 nm. Hg porosity measurements indicated that while the Pt NW 
array GDE has a similar porous distribution to the conventional GDE made with the Pt/C 
nanoparticle catalysts, the Pt/N-CNT had a high fraction of macropores in the range of 315–
360 nm, leading to much improved mass transport properties. The improved distribution of Pt 
nanostructures, and the highly porous CL, together with the metal-support interaction boost 
the ORR catalytic activities, and much enhanced power performance was recorded for the 
Pt/N-CNT array GDE in the MEA test (0.544 W cm-2) at a lower loading of 0.19 mgPt cm-2 in 
comparison to both Pt/C and Pt NW array GDEs. However, the adhesion of the CNTs to the 
GDL surface was weak and needs to be rectified in future work.  
With regards to mass transport losses with the CL in the PEMFC operation, contributions can 
be roughly separated into Fickian and non-Fickian components whereby the former is heavily 
dependent on the porosity of the CL [19]. With a high degree of meso-porosity Fickian gas 
transport was much improved in the Pt/N-CNT array GDE and is thus considered to be one 
of the main reasons of the improved power performance in comparison to the other GDEs, in 
addition to improved mass transport due to the thinness of the CL which provides a reduction 
in the mean free path of the O2 reactants, protons and electrons. 
The US DoE has the 2020 target of 0.10 mgPt cm-2 for precious group metal (PGM) loading at 
the cathode; however, the inverse relationship of the non-Fickian transport resistance to Pt 
surface is hindering advancements. Much of this resistance depends on the O2 permeability 
through the ionomer thin film coated on the catalyst surface and thus lots of research efforts 
have been conducted in finding alternative ionomers [29,210,211]. Ionomer-free CLs could 
also be an answer where protons can transport via a thin water film formed on the catalyst 
surface in fuel cell operation [31,158], which provides added bonus of avoiding of the 
adsorption of sulphate from ionomer onto the catalyst surface which is considered as a 
leading inhibitor of ORR kinetics in PEMFCs. The catalyst-ionomer interactions in the NW 
array CL are little known and so this should be evaluated as well as the possibility of using 
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such CLs in an ionomer free PEMFC. PtNi is known to be more hydrophilic than pure Pt and 
thus could be a more likely candidate to retain the thin water film required for ionomer-free 
CLs (of course, a highly stable Ni in the catalyst structure with an excellent tolerance to the 
leaching is also necessary). Additionally the removal of ionomer means that ionomer 
contamination would no longer be an issue and thus the enhancement in inherent ORR 
catalytic activities demonstrated in the ex-situ GDE test could be fully realised in a working 
PEMFC. 
Aside from successfully improving the Pt NW array GDEs, this thesis therefore provides 
numerous promising avenues for future work, listed as follows: 
• Finding ways to improve the stability of Ni in the PtNi NW array electrodes. This could 
be through optimisation of the acid leaching process or through advanced methods to 
impregnate the Pt surface more selectively with Ni (e.g. under potential deposition). 
• Improving the anchoring of CNT arrays to the GDL surface through further 
optimisation of the PECVD technique, e.g. reducing the deposition temperature close 
to 350°C, below the PTFE decompose temperature, thereby ensuring less wasted Pt 
precursor in the NW growth. 
• Deconvolution of the mass transport losses, e.g. by recently developed EIS fitting 
technique, in the Pt NW and Pt/N-CNT GDEs to measure the Fickian and Non-
Fickian contributions. This will help to ascertain the true impact of each CL structure 
and thus guide future development. 
• Modelling of the catalyst-ionomer interface within the NW array systems.  
• Evaluation of the performance of the PtNi NW and Pt/N-CNT array systems with ultra-
low Pt loadings.  




• Finally, evaluation into the scalability and potential cost effectiveness of both GDE 
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